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ABSTRACT OF DISSERTATION 
 
 
 
 
DEEPER GROUNDWATER FLOW AND CHEMISTRY IN THE ARSENIC AFFECTED 
WESTERN BENGAL BASIN, WEST BENGAL, INDIA 
 
 
A regional-scale hydrogeologic study was conducted in a ~21,000-km2 area of West 
Bengal (Murshidabad, Nadia, North and South 24 Parganas districts), India, with severe, natural 
arsenic contamination of shallow groundwater jeopardizing ~13.5 million inhabitants. The study 
evaluated the suitability of deeper water as an alternate drinking water source.  
A hydrostratigraphic model (resolution: 1000 m × 1000 m × 2 m, ≤ 300 m below MSL) 
indicates a continuous, semi-confined sand aquifer (main aquifer) underlain by a thick clay 
aquitard. The aquifer deepens toward the east and south. In the south, there are several deeper, 
laterally connected, confined aquifers. Based on observed hydrostratigraphy, eight seasonal 
groundwater models (resolution: 1000 m × 1000 m × 15 m) were developed with presence of 
pumping (2001), absence of pumping (pre-1970s) and projected irrigational pumping (2011 and 
2021). Simulations indicate topographically controlled, seasonally variable regional groundwater 
flow, which has been severely distorted by pumping.  
Samples of deep groundwater, river water and rainwater were collected for major and 
minor solutes, dissolved gases and stable isotopes. A δ18O-δ2H bivariate plot of groundwater 
falls subparallel to the constructed local meteoric water line (δ2H = 7.24 δ18O + 7.73), suggesting 
a predominance of meteoric recharge (from monsoonal rainfall of present-day composition) with 
some evaporation. A trend of δ18O depletion of groundwater was observed northward and 
westward from the Bay of Bengal, indicating a continental effect. Major solutes indicate the 
presence of hydrochemically distinct water bodies in the main and deeper isolated aquifers. 
Spatial trends of major and redox-sensitive solutes and geochemical modeling indicate that 
carbonate dissolution, silicate weathering, and cation exchange along with seawater and connate-
water mixing control the major-ion chemistry. The suboxic main aquifer water exhibits partial 
redox equilibrium, with the possibility of oxidation in micro-scale environments. The redox 
processes are depth-dependent and hydrostratigraphically variable.  
 
Deeper water was found unsafe with elevated (≥10 μg/L) As in ~60% of samples. The 
presence of As is related to coupled Fe-S redox cycles. Deeper water is probably polluted by 
groundwater flow though interconnected aquifers with reduced sediments. Deep irrigational 
pumping has potentially attracted shallower, polluted water to greater depths. 
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 Chapter 1: Introduction 
 
1.1 Prelude 
 More than 2% (120 million) of the total population (6 billion) of this planet lives in an 
area of ~200,000 km2 covering the eastern part of the state of West Bengal (India) and most of 
Bangladesh. This area, popularly known as the Bengal basin, is the world’s largest fluvio-deltaic 
system (Coleman, 1981; Alam et al., 2003). The basin is drained jointly by the River Ganges, 
River Brahmaputra (also known as River Jamuna in Bangladesh), River Meghna and their 
numerous tributaries and distributaries, and hence is also known as the Ganges-Brahmaputra-
Meghna (GBM) delta or basin.  
 
Indiscriminate use of the rivers and streams as pathways of sewage and industrial waste 
by the Bengal basin inhabitants has made the surface water impotable. Moreover, the 
introduction of high-yielding dry-season rice (Boro) (Harvey et al., 2005) accelerated the 
demand for irrigation. This led to the shift of water policy from surface water to groundwater in 
both West Bengal and Bangladesh during the early 1970s. As a consequence, several million 
wells (ranging from low yielding hand-pumped to heavy-duty motor driven) were installed in 
order to meet drinking, irrigation, and industrial water demands (Smith et al., 2000; BGS/DPHE, 
2001; Harvey et al., 2005; Horneman et al., 2004).  
 
Unfortunately, arsenic concentrations exceeding the US Environmental Protection 
Agency (USEPA) maximum contaminant level of 50 μg/L were discovered in 1978 (Guha 
Mazumder et al., 1998) in some wells in the North 24 Parganas district of West Bengal, followed 
by detection of arsenicosis by 1984 (Garai et al., 1984). Arsenic, cited as the most hazardous 
contaminant by the U.S. Agency for Toxic Substance and Disease Registry (ATSDR, 2005), is a 
ubiquitous metalloid which, when ingested for extended periods, may cause severe health 
effects, including arsenical dermatitis, deformation of limbs, circulatory and respiratory 
problems, and various cancers, leading to untimely death. Soon, groundwater in other parts of 
West Bengal (mostly east of the River Bhagirathi-Hoogly [Figure 1.1], the main distributary of 
the Ganges in India) and, Bangladesh in 1993 (Swartz et al., 2004), were found to have 
groundwater with As concentrations exceeding the World Health Organization (WHO, 1993, 
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 2001) drinking water safe limit of 10 μg/L. More than 50 million people may be at potential risk 
from As exposure in the Bengal basin (Figures 1.2a, b and c). Of these, at least 1 million are 
likely to be affected by arsenicosis, as calculated by Yu et al. (2003) based on dose-response data 
from Guha Mazumder et al. (1998). The contamination has been termed as the greatest mass 
poisoning in human history (Smith et al., 2000). Estimates show that at present about 25% 
(McArthur et al., 2004) to 33% (Horneman et al., 2004) of the wells have been identified to be 
contaminated by As. Since 1990, numerous studies by governmental and non-governmental 
agencies and researchers have tried to understand the causes and effects of this contamination. 
These studies have led to a detailed understanding of the water-sediment chemistry and 
proposition of several hypotheses on the occurrence and fate of arsenic in groundwater on both 
sides of the Indo-Bangladesh border (e.g. Saha, 1991; AIP/PHED, 1991, 1995; Mallick and 
Rajgopal, 1995; Das et al., 1995, 1996; Bhattacharya et al., 1997; CGWB, 1997; Mandal et al., 
1998; Nickson et al., 1998, 2000; Ray, 1999; Acharyya et al., 1999, 2000; BGS/DPHE, 2001; 
McArthur et al., 2001, 2004; Ravenscroft et al., 2001, 2005; Harvey et al., 2002, 2005, 2006; 
Ghosh and Mukherjee, 2002; JICA, 2002; Smedley and Kinniburgh, 2002; Dowling et al., 2003; 
Stüben et al., 2003; van Geen et al., 2003, 2004; Horneman et al., 2004; Swartz et al., 2004; 
Polizzato et al., 2005).  
 
1.2 Importance and objective of work 
  It has been hypothesized that the non-point source, geogenic As mostly occurs in the 
Holocene shallow aquifers of the Bengal basin and probably has been mobilized from the 
sediments by redox reactions. Various workers (e.g. BGS/DPHE, 2001; McArthur et al., 2001; 
JICA, 2002; van Geen et al., 2003; Ravenscroft et al., 2005, Zheng et al., 2005a) have suggested 
that deeper groundwater could be an alternate, safe drinking water source. Consequently, water-
supply authorities have installed numerous deep community wells (Figure 1.3a) to provide As-
free water to the huge urban and rural population, although the deeper water chemistry has 
received relatively little attention.  
 
Because Bangladesh occupies most of the Bengal basin, it has received more attention 
than the part of the basin in West Bengal. Several comprehensive studies (e.g. 
BGS/DPHE/MML, 1999; BGS/DPHE, 2001; JICA, 2000, 2002) have examined the 
 2
 contamination extent (Figure 1.3b), detailed regional hydrogeology and hydrogeochemistry of 
much of the eastern part of the basin. In West Bengal, however, in spite of district-level surveys 
of groundwater resources by the Central Ground Water Board (CGWB) (1994a, b, c, d, and e) 
and State Water Investigation Directorate (SWID) (1998), the regional hydrologic framework 
and detailed deeper hydrochemistry remain largely unrevealed. In most of the studies so far, the 
As concentration of the groundwater has been described in terms of absolute depth. However, for 
a proper understanding of the subsurface spatial distribution of As, geochemical processes, and 
possible future extent of the pollution, a detailed composite approach needs to be formulated. 
 
This study is intended to characterize the deeper hydrogeology of the arsenic affected 
parts of the western Bengal basin (parts of four districts of West Bengal) with an estimated 13.5 
million people at risk (Table 1.1). Of these at least 4 million rural residents are drinking deep 
water supplied from public water-supply schemes within the study area.  
 
In the second chapter, a hydrostratigraphic model for the arsenic-contaminated areas of 
the western Bengal basin has been proposed with block-scale descriptions of the inferred aquifer-
aquitard framework. In the third chapter, numerical simulations of regional-scale, seasonal 
groundwater flows through the proposed hydrostratigraphic framework have been described. The 
fourth chapter illustrates the stable isotopic composition of rainwater and regional trends in 
groundwater. The fifth chapter focuses on detailed characterization and geochemical modeling of 
the deeper water chemistry of the study area. The sixth and final chapter summarizes the extent 
of arsenic pollution in deeper water along with possible reasons for such pollution.   
 
1.3 The study area 
The study area (Table 1.2) consists of an area of about 21,000 km2 in the western Bengal 
basin, including the districts of Murshidabad (eastern part) (Figure 1.4a), Nadia (Figure 1.4b), 
North 24 Parganas (Figure 1.4c) and South 24 Parganas (Figure 1.4d). The area is bounded in the 
north by the River Ganges, in the west by the River Bhagirathi-Hoogly (distributary of the River 
Ganges), in the east by the international border between India and Bangladesh and in the south 
by the Bay of Bengal. The study area includes the city of Kolkata (Calcutta) as well as a number 
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 of smaller municipalities, including Behrampur, Krishna Nagar, Kalyani, Naihati, Barasat and 
Bashirhat. 
 
1.4 Geologic overview of the Bengal basin 
The Bengal basin represents world’s largest sediment dispersal system (Kuehl et al., 
1989; Milliman et al., 1995, Goodbred et al., 2003), with passage of an estimated 1060 million 
tons of sediments per year to the Bay of Bengal through a delta front of 380 km (Allison, 1998), 
thereby forming the world’s biggest submarine fan, the Bengal fan (Kuehl et al., 1989; Rea, 
1992), with an area of 3 × 106 km2. Water discharge through the Bengal basin to the ocean is 
fourth largest in the world (Milliman and Meade, 1983). The total area of the GBM basin has 
been estimated to be about 200,000 km2 (Alam et al., 2003).  The maximum flow estimated for 
the River Ganges during the past century was on the order of 43,000 m3/s, while the maximum 
flow for the Brahmaputra was on the order of 57,000 m2/s (Chatterjee, 1949).  
 
The Ganges enters the basin from the northwest after draining the Himalayas and most of 
north India for about 2500 km (Figure 1.5). The Ganges then divides into two distributaries. The 
main stream (River Padma) flows southeast toward the confluence with the River Brahmaputra 
in Bangladesh. The other part flows due south through West Bengal as the River Bhagirathi-
Hoogly. For simplicity, both these distributaries are termed as the original stream, i.e., Ganges. 
The Ganges flows through a meandering course with very few braided reaches and occasional 
tributaries. It has been avulsing toward the northwest for the last 250 years (Brammer, 1996). 
The Brahmaputra enters the basin from the northeast (Figure 1.5) after draining Tibet and 
northeast India for about 2900 km. It has a palaeo-channel bifurcated along the east of the 
Madhupur forest. In general, the Brahmaputra is a braided stream characterized by multiple 
thalwegs, mid-channel bars and vegetated river islands. The channel belt shows a rapid lateral 
migration of up to 800 m/year (Allison, 1998). The Meghna drains the Sylhet basin and part of 
the Tripura hills before flowing into the Brahmaputra (Figure 1.6). 
 
1.4.1 Boundaries of the basin: The Bengal basin is bounded (Figure 1.5) on the north and 
northwest by the Rajmahal Hills, which are composed of lower Jurassic to Cretaceous trap 
basalts of the Upper Gondowana system (Ball, 1877). From west to east they are known as the 
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 Garo, Khasi and Jayantia hills, which stretch for about 97 km from north to south and 240 km 
from east to west (Morgan and McIntire, 1959). In the northeast the Shillong or Assam plateau 
acts as a boundary. The hills and the plateaus are composed of intensely stressed Precambrian 
quartzite and schist overlain by the Eocene Nummilitic limestone (Wadia, 1949). The Bengal 
basin’s eastern limit is marked by the Tripura hills to the north and Chittagong hills to the south, 
which are composed of Paleocene-Pliocene age sediments of the Siwalik system (the Himalayan 
foredeep basin sediment system) (West, 1949). The Tripura hills include a series of plunging 
anticlines, which die out under overlapping recent sediments of the Sylhet basin (Morgan and 
McIntire, 1959). The Bangladesh-India border follows the base of the hills. 
 
1.4.2 Geologic framework and history: The Bengal basin was initiated as a subsiding foredeep 
basin of the uprising Himalayan front and the Indo-Burma range formed by the collision of the 
Eurasian and Indian continental plates. By the mid-Miocene (Curray et al., 1982), the basin had 
become a huge sink of the sediments eroded from the rising mountain range (Allison, 1998). The 
basin has a complex evolutionary history. About 1 to 8 km of Permian to Recent clastic 
sediments rest on the stable shelf in the western part of the basin (Imam and Shaw, 1985) and up 
to 16 km of Tertiary to Quaternary alluvial sediment cover is present in the foredeep of the basin, 
which at present lies at the mouth of the Ganges and Brahmaputra rivers (Allison, 1998) (Figure 
1.7). The ongoing Himalayan orogeny has kept the basin tectonically active, with most of its 
activity now focused in the foredeep region, as manifested by a number of vertical faults and 
folds. This has caused vertically displaced regional sedimentary blocks, which have divided the 
basin into numerous poorly connected sub-basins, which in turn caused conspicuous differences 
in sedimentary environment and lithology (Goodbred et al., 2003). On a larger scale, the basin is 
supposed to be divided into eastern and western portions, which are separated by a hinge zone 
marked by high magnetic and gravity anomalies (Sengupta, 1966). 
 
Geologically, the basin is bounded in the west by the Peninsular shield of India, which 
has a Precambrian basement of metasediments with granitic, granophyric and doleritic 
intrusions. These are followed upward by scattered, east-west trending intracratonic Gondwana 
deposits like the Damodar basin with the Raniganj and Jharia coal basins and some Tertiary 
deposits like the Baripada and Durgapur beds, as well as the Mesozoic volcanics of the Rajmahal 
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 trap. In the east the Naga-Lushai orogenic belt bound the basin. This belt consists of highly 
deformed Cretaceous-Tertiary sediments and is bordered in the north and northeast by the Dauki 
fault zone (Evans, 1964) and the Naga thrust (Sengupta, 1966), with a general movement 
direction of north-northeast. The Shillong Plateau, which borders the basin in the northeast, is 
most probably the continuation of the Indian shield through the Garo-Rajmahal gap (Sengupta, 
1966).  
 
Stratigraphic study of the Bengal basin shows that from the Cretaceous through the mid-
Eocene, sedimentation was similar throughout the basin (Figures 1.8 and 1.9). The succession 
starts with the Gondwana sediments and volcanics, followed by a thick sequence of shallow 
marine clastics and carbonates in both the eastern and the western sub-basins. Arenaceous 
sediments dominate the clastics in both areas. The carbonate deposit, known as the Nummilitic 
Sylhet limestone, is found extensively throughout the basin. As a result of the basin 
configuration and nature of the submergence, the sequence is thinner in the western sub-basin. 
After the deposition of the Sylhet limestone, the sedimentation pattern of the basin changed to 
become more argillaceous, as marked by the Kopili Formation. After the Kopili, there occurred 
some significant movement of the basin-basement and -margin fault systems, which led to a 
completely different depositional environment and stratigraphic sequence in the two sub-basins. 
While thick marine sediments continued to be deposited in the deeper eastern sub-basin, 
successively resulting in the Bogra Formation, Barail Formation, Surma Group and Tipam 
Group, in the western sub-basin the Bhagirathi Group (consisting of the Memari-Burdwan, 
Pandua-Matla and Debagram-Ranaghat formations; Biswas, 1963), were deposited in a more 
near-shore environment. From the advent of the Pliocene, a similar style of sedimentation 
resumed throughout the basin, thereby depositing the voluminous and extensive Bengal alluvium 
over all the previous lithotypes.            
 
Sequence-stratigraphic and seismic studies have established that there is a zone of flexure 
above the Sylhet limestone in the southeastern portion of the western part of the basin. This zone 
acts as a seismic reflector and has been interpreted as a hinge zone or a zone of faulting, which 
may be a shallow manifestation of a much more intense fault zone in the basement (Sengupta, 
1966). The unconsolidated sediments deposited over it, because of bed instability and adjustment 
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 of movement, have suffered from flexure, which gave the post-Sylhet deposits of the Bengal 
basin a broad synformal shape. The zone is not very wide, but it passes from east Calcutta to the 
town of Mymensinhga in northern Bangladesh. Thus the zone has been named as the Calcutta-
Mymensinhga hinge zone (CMHZ) (Figure 1.6). The zone can be traced to its truncation by the 
Dauki fault zone in the Naga Hills of Assam (Sengupta, 1966). It occurs at a depth of about 4700 
m below Calcutta, with a trend of N 30o E. The presence of the CMHZ has been confirmed by 
the finding of a series of low-magnitude magnetic highs in northwest Calcutta and a steep gravity 
gradient in the west. Calcutta has been flanked by broad gravity highs to the east, indicating the 
presence of a gravity divide in-between (Sengupta, 1966).  
 
The formation of the Bengal basin started with the break-up of Gondwanaland in the late 
Mesozoic, at about 126 Ma (Lindsay et al., 1991). Extrusion of basalt both in the Rajmahal areas 
and the south Shillong plateau (Banerjee, 1981) some time in the late Jurassic to early 
Cretaceous initiated the process of basin development. This was followed by the slow subsidence 
of the Bengal shelf in the late Cretaceous, leading to restricted marine transgression from the 
southeast in the proto-basin. The western part of the basin (mostly in West Bengal) records 
deposition of lagoonal argillaceous and arenaceous sediments, whereas the Assam front in the 
eastern and northeastern part was occupied by an open neritic sea (Sengupta, 1966). The proto-
GBM delta started forming by sediments deposited by repeated submergence and transgression 
over a planar erosional surface, which exists at about 2200 m depth in the central part of the 
basin, with a dip toward the southeast (Lindsay et al., 1991). 
 
During the middle to late Eocene, basin-wide subsidence initiated by movement along 
basin-margin faults caused an extensive marine transgression in the basin, which resulted in the 
deposition of the Sylhet limestone. Basement movement probably caused the formation of the 
CMHZ on top of this limestone (Sengupta, 1966). Subsequently, the sea began receding from the 
Bengal basin. At about 49.5 Ma, a major shift in the sedimentation pattern began. The carbonate-
clastic platform sedimentary sequence was replaced by a predominantly clastic deposit (Lindsay 
et al., 1991). The process became conspicuous at about 40 Ma, when the basin became 
dominated by fluvial clastic sediments and the transitional delta prograded rapidly with frequent 
lobe switching. The sudden change in deltaic sedimentation and morphology was probably a 
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 manifestation of the collision of the Indian plate with the Eurasian plate and rising of the 
Himalayas. Comparison of stratigraphic records from the eastern and western parts of the basin 
show a subsequent divergence in the sedimentary depositional history as a result of differential 
subsidence rate, tectonic movements and eustatic sea-level changes. From the early Oligocene 
onward, the eastern basin continued to experience marine conditions as marked by a thick 
arenaceous sequence, while the western part was under fresh to estuarine conditions, leading to a 
thinner sequence of argillaceous sediment (Sengupta, 1966). At about 10.5 Ma (Lindsay et al., 
1991), in the middle to late Miocene, intense tectonic activity started along the Dauki fault zone 
and Naga thrust. The activity became more intense in the Pliocene (Sengupta, 1966). The result 
was basin-wide regression with a major eustatic low. Thus all parts of the basin, including the 
eastern part, saw a shift from a marine-estuarine environment to a predominantly fluvial-tidal 
dominated environment, which continues to the present. Deposition of the modern deltaic basin 
was thus initiated (Lindsay et al., 1991). 
 
1.4.3 Physiography and Quaternary geomorphology: Physiographically, the Bengal basin can 
be divided into two major units, the Pleistocene uplands and deltaic lowlands (Morgan and 
McIntire, 1959). The divisions may be described as follows (Figure 1.10): 
 
1) Pleistocene uplands:  In the whole basin there are four main Pleistocene units along with 
several small outliers. Of these, two flank the basin. The Barind tract is in the east of the 
Cretaceous Rajmahal hills and the Madhupur Jungle is in the west of the early Tertiary Tripura 
hills (see Figure 1.10). The following description is based upon the classic study of Morgan and 
McIntire (1959). 
 
These Pleistocene uplands are believed to be paleo-floodplains of the earlier GBM 
system. In terms of sediment characteristics and mineralogy, these deposits are very similar to 
their recent counterpart (Morgan and McIntire, 1959). For example, they have similar 
moderately well-sorted sand-size sediments. However, despite the similarities, there are some 
conspicuous differences. In contrast to the dark, loosely compacted, moist and organic-rich 
Recent sediments, the Pleistocene sediments are reddish, brown or tan, mottled, ferruginous or 
calcareous-nodule rich, relatively dry and organic-poor (Morgan and McIntire, 1959). Moreover, 
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 there is a conspicuous difference in the landform features formed by the Pleistocene and the 
Recent sediments. The Pleistocene sediments form highlands, which are the manifestation of 
differential structural movements between the two units and also seaward subsidence with higher  
terrace formation during Pleistocene glaciations. Four such terraces have been identified 
(Morgan and McIntire, 1959). Also, the upland is characterized by only few prominent drainage 
systems, which also flow through deeply scoured, well-defined meanders.       
 
The Barind is the largest Pleistocene unit in the Bengal basin, with an aerial extent of 
about 9400 km2. It has been dissected into four separate units by recent fluvial systems, which 
include the north Bengal tributaries of the Ganges and Brahmaputra, namely the Mahananda, 
Karatoya, Atrai, Jamuna and Purnabhaba. The area is actively affected by orogenic movements, 
which are indicated by earthquakes, tilting of its eastern part, river course switching and visible 
major fault planes. 
 
The 4100 km2 of the Madhupur Jungle north of the city of Dhaka is the other important 
Pleistocene landform of the Bengal basin. The elevation of the upland increases from 6 m above 
mean sea level (MSL) in the south to more than 30 m above MSL in the north. The western side 
has a higher average elevation, while the whole upland dips toward the east, where ultimately it 
gets concealed under the thick Recent alluvium. The western margin marks an abrupt separation 
between the low-lying, flat, Recent flood plain in the east and the highly dissected older upland. 
The margin is bounded by six en-echelon faults ranging from 10 to 21 km in length and with the 
eastern side up-thrown by at least 6 to 18 m. It is believed by some workers that at least part of 
the uplift of the Madhupur forest took place during the 1762 catastrophic earthquake (Fergusson, 
1863). The diversion of the Brahmaputra from its old course can be possibly attributed to the 
sudden uplift of the Madhupur Jungle and its gradual tilting toward the east and also the sudden 
diversion of the Tista from being a tributary of the Ganges to that of the Brahmaputra in 1787. 
Moreover, the presence of the lowland between the en-echelon fault system of the Madhupur and 
the Karatoya River fault system of the northeast Barind indicates ongoing subsidence/uplift. 
 
2) Recent Sediments: The other main physiographic division is the Recent alluvial plain and delta 
of the GBM system (Morgan and McIntire, 1959), also known as the Recent alluvial lowland of 
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 Bengal (Umitsu, 1987, 1993). These alluvial deposits are the most extensive part of the Bengal 
basin and cover almost the whole of the basin except the Pleistocene highlands. 
 
Different workers have tried to classify this huge sedimentary basin in various ways. The 
classification described here is a combination of the two proposed by Morgan and McIntire 
(1959) and Umitsu (1987). According to this joint scheme, there are four physiographic 
subdivisions as described below: 
 
a) The alluvial fans: These piedmont alluvial plains occur in the foothills of the eastern 
Himalayas and are formed by the deposition by the north Bengal tributaries of the Ganges and 
Brahmaputra such as the Tista, Atrai, Mahananda, and Purbabhaga. These rivers also have 
dissected the Pleistocene upland of the Barind, as mentioned earlier. Coarse-grained sediments 
like cobble and sand dominate these fans. 
 
b) Tippera surface: This 7800-km2 area in the easternmost part of the basin, near the Tripura hills 
in the Tippera district, has been classified as a different subdivision based on its characteristic 
drainage system (Morgan and McIntire, 1959). It is sometimes considered as a part of the GBM 
flood-delta plain (described later) (Umitsu, 1987). The rivers in this unit show a very well-
defined rectangular pattern in contrast to the general braided or meandering pattern of the 
alluvial plains. How far this distinct pattern is a result of anthropogenic influence is a debatable 
issue. The surface is delineated in the north by an NE-SW trending fault. The sedimentological 
characteristics of the deposit are very similar to those of other recent alluvial deposits except a 
little more compacted and oxidized, but not as much as the Pleistocene uplands.    
 
c) Sylhet basin: This small basin is located in the extreme northeastern portion of the main basin, 
surrounded by the Shillong plateau, Tripura hills and the Madhupur Jungle Pleistocene uplands. 
In the south a major fault scarp bounds it. The basin has an average altitude of about 4.5 m above 
MSL at its center. It was earlier considered as a part of the Ganges-Brahmaputra delta. The Old 
Brahmaputra River (the original channel of the Brahmaputra) passes through its westernmost 
limits. The present Brahmaputra course has an elevation of about 15 m above MSL, which shows 
that the Sylhet basin has subsided about 10.5 to 12 m during the last couple of hundred years. 
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 The cause is certainly tectonic, associated with movements of the fault systems.  Recent fossil 
wood fragments have been found at depths of 15 to 18 m below surface. The surface is inundated 
every year during monsoon season. The basin can be classified geomorphologically as having 
natural levees with dendritic drainage and continuously meandering levees (Umitsu, 1985). The 
sediment composition of the basin ranges from sandy to silty near the surface, grading to fine 
sand at a depth of about 12 m. 
 
d) Ganges-Brahmaputra-Meghna flood and delta plain: This is the principal unit of the Bengal 
basin. This unit is so vast that many studies including the present work refer the Bengal basin as 
almost synonymous with the plain. It covers more than 105 km2 of the alluvial plain in both 
Bangladesh and West Bengal, India, excluding the units that have already been mentioned.  
 
The plain is bounded by the Pleistocene terraces in the west, the Barind and Madhupur 
Jungle in the north, the Tippera surface in the east (Morgan and McIntire, 1959) and the Bay of 
Bengal in the south. It is formed by two of the largest river systems of the world and thus is 
considered one of the best and most complex examples of fluvio-deltaic geomorphology. Like 
many of the large alluvial systems of the world, the GBM plain is also formed by overlapping of 
a number of sub-deltas (Morgan and McIntire, 1959) and alluvial flood plains. Moreover, 
avulsion of the major streams in the area, which are either tributaries or distributaries of the 
Ganges or Brahmaputra, within a time scale of 100 years, has resulted in a Recent sediment 
sequence of about 100 m of overbank silts and clays incised by channel sands (Coleman, 1969; 
Umitsu, 1987; Goodbred and Kuehl, 2000, Allison et al., 2003). The active delta area in the 
southernmost part of the plain, which supports the largest mangrove forest in the world, the 
Sunderban, can be demarcated from the flood plain by the furthest inland extent of ocean water 
from the Bay of Bengal during the dry season of October to April (Allison et al., 2003). 
 
The GBM alluvial plain has an altitude of about 15 to 20 m in the northwest, which 
decreases to 1 to 2 m in the south near the coast. According to physiographic characteristics the 
plain can be divided into five distinct regions (Umitsu, 1987).  These include a) the area in and 
around the city of Calcutta, b) the area of broad and indistinct natural levees (Umitsu, 1985) in 
the northwest part, also known as the moribund delta (Bagchi, 1944), c) the central part of the 
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 plain, which includes areas with natural levees with dendritic distributary channels near the city 
of Khulna city (Umitsu, 1985) along with meandering and distinct natural levees, d) the 
Sunderban and e) the mouth of the Meghna with its active delta (Umitsu, 1987). 
 
The oldest surface sediments in the GBM flood plain are recorded near the cities of 
Calcutta and Commila in northeastern Bangladesh, very near the Tippera surface, whereas the 
youngest sediments are all located in the active floodplain and the delta. The sediments in all the 
other places are of Holocene age. The Ganges alluvial deposits are divided into an upper silty or 
clayey part and a lower sandy part to a depth of about 50 m. In the northwestern part, near the 
Tippera surface, the sediments in the upper horizons are slightly oxidized and light gray in color.  
In the central and southern parts of the plain, organic and peaty materials are occasionally visible 
in near surface horizons. In the southernmost part, in and near the active delta region, alternating 
silt and sand are present with an upward fining sequence (Umitsu, 1987).  The Brahmaputra-
dominated alluvial plain is present in the area between the Barind and the Madhupur Jungle. This 
plain has a distinct basal gravel horizon overlain by a sequence of sandy sediments.  
 
Umitsu (1987, 1993) classified the vertical sequence of the recent formations of the GBM 
plain into five units (lowest, lower, middle, upper, and uppermost). Each of these units is 
separated from its succeeding units by a difference in grain size, which is certainly a 
manifestation of depositional environment. The descriptions of the individual units are as 
follows, after Umitsu (1987). The lowest unit, which has a thickness of about 10 m, is composed 
predominantly of gravel. Near the northern portion of the plain, the bed occurs at a depth of more 
than 70 m below the surface, indicating that the sea level of the Bay of Bengal at the time of its 
deposition must have been about 100 m below the present level. The lower member is dominated 
by sand-sized sediments with few gravels. The unit contains two horizons near the middle and 
the top with a coarser grain size, probably resulting from a change in sediment size deposited by 
the rivers. An unconformity, probably caused by temporary marine regression, exists between 
the lower and the middle members. This is indicated by the presence of weathered and oxidized 
horizons at the top of the lower unit. The lower horizon in certain locations, mostly in the central 
plain, has sediments with occasional peat and organic material, indicating a swampy 
environment of deposition. The middle unit shows a coarsening upward sequence. The upper 
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 member has a coarse-grained middle portion, sandwiched between fine-grained upper and lower 
portions. This oscillation of sedimentation pattern is believed to be caused by eustatic sea level 
change. Clay- and silt-sized sediments are characteristic of almost the entire uppermost horizon, 
with occasional peaty sediments.  
 
The peaty materials in all these units are interpreted to have been deposited in mangrove 
swamps, which developed in the prograding delta over time (Vishnu-Mittre and Gupute, 1979; 
Umitsu, 1987; Islam and Tooley, 1999).   
 
1.4.4 Age dating: Because of the presence of a large amount of organic material in the Recent 
sediments, radiometric age (mostly radiocarbon) dating of the sediments has been done by 
several workers. The lower unit organic remains of the central GBM plain near the city of 
Khulna (Bangladesh) at a depth of 46 m below MSL yield an age of 12,320 ± 240 years before 
present (BP) (Umitsu, 1993). Ages from shell fragments and wood remains from the middle unit 
at depths of 25 to 33 m below MSL range from 8910 ± 150 to 7640 ± 100 years BP (Umitsu, 
1993).  Peat layer ages determined from the upper unit are 7060 ± 120 years BP at 18 m below 
MSL and 6490 ± 130 year BP at 14 m below MSL (Umitsu, 1993). 
 
Peat layers from the far western GBM plain (West Bengal, India) have been dated ~7100 
to 9100 years BP at depths of 20 to 50 m in the coastal area (Hait et al., 1996) and, in inland 
areas, 6500 to 7500 years BP at depths of 6 to 12 m and 2000 to 5000 years BP at depths <5 m in 
inland areas (Banerjee and Sen, 1987). Mangrove remains from Calcutta have been dated at 
~7000 years BP (Sen and Banerjee, 1990). The sediments from a location near Calcutta have 
been dated as 2615 ± 100 years BP at 1.37 m below surface to 5810 ± 120 years BP at 6.25 m 
below surface level (Vishnu-Mittre and Gupute, 1979). 
 
 Sediments from the Brahmaputra plain basal gravel at a depth of 101 m below sea level, 
in the south of the Barind, yield an approximate age of 28,320 ± 1550 years BP (Umitsu, 1987). 
Sylhet basin organics at depths of 36.6 m to 55 m below MSL yield ages of 6320 ± 70 years BP 
and 9390 ± 60 years BP respectively (Goodbred and Kuehl, 2000).  
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 Radiocarbon dating of sediments from a depth of 25 to 30 m below surface at the active 
delta area near the main mouth of the GBM, records an age of 8400 years BP (Goodbred and 
Kuehl, 2000). Muddy sand about 50 m west of the aforementioned location and at a depth of 35 
m below surface, yields an age in the range of 7500-8000 years BP (Goodbred and Kuehl, 2000).  
 
1.4.5 Holocene landform evolution: As noted in section 1.4.3, the main lithostratigraphic and 
geomorphic units of the Bengal basin are mostly of Holocene age (Figure 1.11). Hence 
understanding the Holocene fluvio-dynamic processes along with the effects of eustatic sea level 
changes and tectonic impacts in this basin is critical for any further study. In the northwestern 
part of the basin, where tectonic processes are most active, fine-grained sediments dominate the 
stratigraphy. In the western part of the basin, near the stable shelf, the strong fluvio-dynamic 
processes have resulted in formation of extensive flood plains with a dominance of coarser 
grained sediments.  The coastal region in the south has a mixture of fine-grained sand and mud 
deposits with peat layers, which have resulted from eustatic influence (Goodbred et al., 2003).  
 
Deposition of the lowest unit of the GBM delta began at the onset of the Pleistocene 
glacial maximum in this part of the world (Islam and Tooley, 1999) (Figure 1.12). This is 
documented by the fact that the lowest unit was deposited at a depth of about 70 m below the 
present land surface, indicating that the glacial maximum sea level and the base level of land 
erosion must have been at least 100 m below the present MSL. Thus the rivers draining the plain 
during that time must have scoured through the earlier plains and deposited the basal gravel at a 
depth analogous to the sea level at that time (Umitsu, 1993). At that time the “Swatch of no 
ground” submarine canyon now in the center of the Bay of Bengal most probably was the estuary 
of the GBM plain (Chowdhury et al., 1985). If this hypothesis is true then most of the northern 
part of the Bay of Bengal during the Pleistocene glaciation was dry land (Islam and Tooley, 
1999). The sediment supply at this time was low compared to the present (Milliman et al., 1995) 
and sediment inflow was low until the late Pleistocene, about 15,000 years BP (Weber et al., 
1997).    
 
Around 12,000 to 11,500 years BP, at the onset of the Holocene, the southwest monsoon, 
which determines the climate-controlled processes in southeast Asia, became stronger than at 
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 present (Gasse et al., 1991), which led to a simultaneous increase in discharge and fluvial 
sedimentation. The sediment discharge has been estimated to be on the order of 2.5 × 109 t/yr 
(Goodbred and Kuehl, 2000). The lower unit of the GBM plain was probably deposited at this 
time as an extensive flood plain in the central region (Umitsu, 1993). As mentioned earlier, this 
unit coarsens upward, which may be correlated with increased discharge and aggravated erosion 
along the upper reaches of the main rivers.  
 
The conditions of sedimentation and eustatic sea level rise that took place at about 10,500 
years BP are a matter of debate because of the presence of apparently contradictory evidence. 
The sedimentary record at this time contains both dissected flood plains (Umitsu, 1993) caused 
by fluvial erosion and also drastic fining of sediments (Goodbred and Kuehl, 2000) further 
inland. It has been hypothesized that either there was a temporary (Umitsu, 1993) and most 
probably major (Lindsay et al., 1991) marine regression or the eustatic sea level rose to about –
45 m MSL from the previous sea level (Fairbanks, 1989; Blanchon and Shaw, 1995), which 
caused extensive back-flooding and sedimentation. However, both these theories claim that the 
present GBM delta started forming and prograding into the bay at this time (Lindsay et al., 1991; 
Goodbred and Kuehl, 2000). The sharp decrease of sediment input to the submarine fan at this 
time (Weber et al., 1997) could be a manifestation of enhanced sediment trapping in the delta 
plain system. The fine sediment thus deposited would constitute the middle unit of the GBM 
plain (Umitsu, 1993). Hence, most probably there was a short-lived but effective marine 
regression followed by a marine transgression, which cumulatively initiated the modern delta-
forming processes. 
 
From about 10,000 years BP to about 7,000 years BP, in the mid-Holocene, a major and 
rapid transgression (Umitsu, 1993; Islam and Tooley, 1999; Goodbred and Kuehl, 2000) took 
place probably as a cause of glacial ice melting, which resulted in the deposition of fine 
sediments (the upper unit of the GBM plain) even in the north-central part of the basin. The 
coastline at that time transgressed up to the central delta, in the north of Khulna city (Umitsu, 
1993). This continued transgression might also have had some short-lived regression cycles, for 
example, at about 9000 years BP.  These are indicated by increased fluvial activity (Islam and 
Tooley, 1999). During the latter part of this transgression, the coastline probably receded slightly 
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 toward the south causing the coarsening of the upper horizons of the upper unit. At this time 
mangrove vegetation (Vishnu-Mittre and Gupte, 1979) spread all over the central GBM plain and 
caused extensive deposition of peat. After ∼7000 years BP, the gradient of the marine 
transgression curve decreased (Umitsu, 1993; Islam and Tooley, 1999; Goodbred and Kuehl, 
2000). Nonetheless, the general trend of the eustatic sea-level curve shows continued 
transgression from the mid-Holocene onward (Figure 1.13). The decreased rate of transgression 
since 7000 years BP led to the deposition of the uppermost unit of the GBM plain, which 
contains clay, silt, and organic-rich layers throughout the southern Bengal basin. The 
continuation of these processes is the active delta formation and the mangrove vegetation in the 
Sunderban region. 
 
Bengal Peat: These are extensive peat layers in the upper and uppermost units throughout the 
southern Bengal basin. These layers have been reported by various workers, including Vishnu-
Mittre and Gupte (1979), Sen and Banerjee (1990), Barui and Chanda (1992), Umitsu (1987, 
1993), and Islam and Tooley (1999), who have referred to the layers as the Bengal peat. Civil 
construction in Calcutta in recent past, even at shallow depths, have yielded remnants of peaty 
material. The above-mentioned authors have claimed the peat as in-situ in origin and mostly 
formed from mangrove (or mangal) vegetation. Studies near the city of Khulna have yielded five 
well-developed and generally thick layers of peat, each separated by inorganic layers (Islam and 
Tooley, 1999). The lowermost peat layer has been dated at 7000 to 6650 years old and contains 
remains of mangrove plants like Acrostichum aureum, Heritiera spp., and Avicennia spp. Parts 
of the uppermost layer have been dated at 5000 to 2000 years old and contain abundant remains 
of freshwater peat-forming plants. The intercalation of mangrove and fresh water plant with 
mineral-rich layers have been interpreted to indicate deposition in a basin that was inundated by 
marine transgression with intermediate temporary regressions (Islam and Tooley, 1999).    
 
1.4.6 Mineralogy, sedimentology and elemental distribution: The mineralogy and 
sedimentology of the Bengal basin are to a large extent dependent on the type of sediments 
eroded and transported by the Ganges, the Brahmaputra and their northern tributaries like the 
Tista, Meghna, Rangeet and Mahananda. Because of differences in sediment provenance, the two 
river systems have quite distinctive mineralogies (Heroy et al., 2002). The Brahmaputra flows 
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 through various rock types, including Precambrian metamorphics (high grade schist, gneiss, 
quartzite, and marble), felsic intrusives, Paleozoic-Mesozoic sandstones, shales and limestones 
(Huizing, 1971). The Ganges drains terrains with similar kinds of lithologies, but also receives 
lower course and lowland tributaries which drain Mesozoic and Tertiary mafic extrusives and 
Precambrian-Cambrian shield (Huizing, 1971). The lowland tributaries also produce a kind of 
saline and alkaline soil, which contains calcareous concretions called "kankar" (Sarin et al., 
1989). The sediments of the floodplains and the streambeds of all three river systems have been 
found to be very similar in sedimentary properties and mineralogy (Morgan and McIntire, 1959; 
Umitsu, 1993). Therefore the bank and floodplain sediments have been designated as major 
short-term river sediment sources (Meade and Parker, 1985). 
 
More than 76% of bed sediments from the GBM river system are fine to very fine sand, 
with a mean grain size of 2.5 to 4 Φ (1/6 to 1/16 mm) (Datta and Subramanian, 1997). The grain 
size decreases from upper to lower reaches, and 66% of the sediments are moderately to well 
sorted according to the scale of Folk and Ward (1957)  (Datta and Subramanian, 1997). All bed 
sediments are positively skewed (Goswami, 1985; Datta and Subramanian, 1997), and 95% of 
the suspended sediments are above 6 Φ (0.01 mm) and are well sorted (Datta and Subramanian, 
1997).  
 
The Bengal basin sediment mineralogy is dominated by detrital quartz and feldspar grains 
(Datta and Subramanian, 1997). The higher quartz content relative to feldspar is indicative of 
low-relief tropical weathering in the basin (Potter, 1978). The presence of very low amounts of 
carbonates is possibly an indication of differential deposition along the fluvial flow path (Datta 
and Subramanian, 1997). 
 
Among the clay minerals, illite and kaolinite are profuse and occur in nearly equal 
proportions, while chlorite and montmorillonite are insignificant (Datta and Subramanian, 1997). 
The presence of high illite and low chlorite indicates the ongoing neotectonic activity that the 
basin is experiencing (Morgan and McIntire, 1959) and the enrichment of the parent rocks in 
muscovite mica (Griffin et al., 1968). The presence of a large amount of kaolinite signifies the 
intense kaolinization of the parent minerals (e.g. feldspars). The Ganges system has a higher 
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 amount of smectite and a lower amount of kaolinite in comparison to the Brahmaputra (Sarin et 
al., 1989). Several studies have concluded that the smectite-kaolinite assemblage has been 
derived from the low-temperature alteration of the high-grade crystalline sediments of the 
Himalayas by pedogenic processes within the Bengal basin, while the illite-chlorite suite has 
been derived from direct erosion of the Himalayas. The amount of these assemblages derived 
from the cratonic part of the Indian subcontinent is insignificant (France-Lanord et al., 1993; 
Heroy et al, 2003). 
 
  The heavy mineral assemblages in all three river systems of the Bengal basin are similar 
(Datta and Subramanian, 1997). Among the heavy minerals, amphibole is most prominent, 
followed by garnet and epidote. There is a little enrichment of pyrope garnet in the Ganges 
system, while epidote is slightly higher in the Brahmaputra system (Huizing, 1971; Datta and 
Subramanian, 1997). Unstable minerals in general dominate the heavy mineral assemblage (e.g. 
hornblende, garnet, magnetite, and ilmenite), followed by semistable minerals like apatite, 
epidote, staurolite, and kyanite. There is a dearth of stable and ultrastable heavy minerals (Datta 
and Subramanian, 1997). The predominance of unstable heavy minerals is possibly a 
manifestation of lack of significant chemical alteration during their transport (Kumar and Singh, 
1978). The high-grade metamorphic terrains are the provenance of 40 to 46% of the heavy 
minerals, followed by the igneous terrains with 21 to 29% (Huizing, 1971; Datta and 
Subramanian, 1997). There is a slight enrichment of amphibole in the Brahmaputra relative to 
the Ganges (Huizing, 1971; Datta and Subramanian, 1997), while the alluvium of the latter has 
more calcareous matter (Wadia, 1981). Pyrite is seldom found in the basin (BGS/DPHE, 2001). 
This range of heavy minerals is comparable to that of Miocene and younger sediments eroded 
from various orogenic sources, including the ophiolite suites of the Himalayas (Uddin and 
Lundberg, 1998).  
 
The distributions of nitrogen and phosphorus in the basins of the Ganges, Brahmaputra 
and Meghna are similar and vary within a narrow range. The average total nitrogen (TN) of the 
three basins ranges from 0.1 mg/g to 0.6 mg/g (Datta et al., 1999). The average total phosphorus 
(TP) is about 0.7 ± 0.1 mg/g in the Meghna basin, 0.9 ± 0.2 mg/g in the Brahmaputra and 1.0 ± 
0.4 mg/g in the Ganges (Datta et al., 1999). The total carbon (TC) content appreciably increases 
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 from the Meghna basin to the Ganges. The values are 1.8 ± 0.5 mg/g in the Meghna, 2.0 ± 1.7 
mg/g in the Brahmaputra and 8.2 ± 2.8 mg/g in the Ganges (Datta et al., 1999). While in the 
Meghna basin the total carbon consists primarily of total organic carbon (TOC) and there is little 
or no total inorganic carbon (TIC), the Ganges basin contains appreciable amounts of both TIC 
and TOC. In general, in the Bengal basin there is a very good correlation between TN and TOC 
and between TOC and grain size of the sediments (Figure 1.14). TN in the basin may be 
controlled by the organic sources and biogeochemical processes (Datta et al., 1999). The Ganges 
river sediments show higher concentrations of Na+, HCO3- and Cl- than the Brahmaputra (Sarin 
et al., 1989). The Ganges sediments are rich in Ca2+, Mg2+ and HCO3- but poor in N and P. The 
Brahmaputra and Meghna sediments are typically characterized by noncalcareous, acidic soil 
(Saheed, 1995). 
  
Common naturally-occuring trace metal contaminants reported in the Bengal basin 
include lead, arsenic, cadmium, mercury, and selenium (Aswathanarayana, 1995). The 
concentrations of trace elements like lead, arsenic and mercury are less in the Bengal basin than 
in standard shale and clay (Datta and Subrmanian, 1997). The index of geoaccumulation (Muller, 
1979) is negative for lead, arsenic and mercury in the GBM system but is positive for cadmium 
in the Brahmaputra plains (Datta and Subrmanian, 1997). 
 
1.4.7 Hydrogeology:  The Bengal basin groundwater system is strongly influenced by the 
monsoonal rainfall caused by the southeast monsoon wind. It receives heavy rainfall during the 
monsoon period, which stretches from mid-June to mid-October. Annual rainfall varies from 
about 125 cm in the west-central part to more than 500 cm in the northeast part near the Shillong 
plateau and the Himalayas in the north. The average temperature is about 30o in the summer and 
about 15o in the winter. Everywhere on the delta plain precipitation exceeds annual potential 
evapotranspiration (Allison, 1998).  The heavy rainfalls during the monsoon period together with 
the water from Himalayan snowmelt brought down by the Ganges and Brahmaputra cause 
extensive, damaging floods in the Bengal lowlands. There are distinct dry and wet seasons. 
During the dry months, severe groundwater exploitation for irrigation and other purposes 
becomes a necessity. 
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 There have been various attempts to define the groundwater flow regimes in the basin. A 
common practice is to differentiate the aquifer materials between the older and more oxidized 
red-brown sediments and the younger gray sediments. On this basis five major aquifer systems 
have been identified in the Bengal basin (BGS/DPHE, 2001). These are: 
 
a) late Pleistocene to Holocene Tista mega-fanglomerate and Brahmaputra channel basal 
gravel aquifers composed of coarse sand, gravels and cobbles; 
 
b) late Pleistocene to Holocene Ganges, lower Brahmaputra and Meghna main-channel 
shallow aquifers composed of braided and meandering river sediments; 
 
c) early to middle Pleistocene coastal and moribund Ganges delta deep aquifers composed 
of stacked, main-channel medium to coarse sands at depths more than 130 m; 
 
d) early to middle Pleistocene Old Brahmaputra and Chandina deep aquifers composed of 
red-brown medium to fine sands underlying Holocene gray medium to fine sands; 
 
e) early to middle Pleistocene Madhupur Jungle and Barind aquifers composed of coarse to 
fine fluvial sands of the Dupi Tila Formation, confined by near surface clay residuum. 
 
Many workers have characterized the shallow aquifers but the deep aquifers have yet to 
be studied in detail. The estimate of average groundwater recharge made by 3H-3He isotope 
dating is in the range of 0.6 ± 0.2 m/year. The groundwater flux thus determined to the Bay of 
Bengal is on the order of 0.2 × 1015 liter/year, which is equal to about 19% of the total surface 
water flux (1.07 × 1015 liter/year) (Basu et al., 2002). However, these estimates are controversial 
because the high groundwater flux is implausible in a flat terrain like the GBM plain, where in a 
distance of 100 km, the land surface elevation only decreases by about 10 m (Harvey, 2002). The 
hydraulic conductivity (K) of the young gray sediments has been estimated in the range of 0.4 to 
100 m/day. The older red-brown sediments have K in the order of 0.2 to 50 m/day (BGS/DPHE, 
2001).  
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 In general, the regional groundwater flow is from north to south with local variations in 
vicinity of the river systems, which are mostly effluent. However, the regional flow path has not 
previously been studied in detail. Locally, the high pumping rate through the shallow tubewells 
has a conspicuous effect on the shallow aquifer parameters. The hydraulic gradient in the 
northern part of the basin is about 1 m/km, which decreases in the southern Bengal basin to about 
0.01 m/km (BGS/DPHE, 2001). This low gradient has led to a very slow flushing rate, which has 
had a significant effect on the hydrogeochemistry of the groundwater basin. Estimates show that 
Brahmaputra and Ganges basin sediments may have been flushed only once, if at all, since they 
have been deposited (BGS/DPHE, 2001).  
 
1.5 Geochemistry of arsenic 
Arsenic (As) is a ubiquitous element found in soils, rocks, natural waters, the atmosphere 
and organisms, mostly as a trace element. Its presence in the environment in abnormal amounts 
results mostly from natural conditions (Smedley and Kinniburgh, 2002), although As 
concentrations are sometimes aggravated by anthropogenic activities (Acharyya et al., 2000).  
 
Arsenic is a member of the fourth group and fifth period (VB). It has an atomic number 
of 33 and atomic weight of 74.92. It is unique among the heavy metalloids in terms of its 
sensitivity to mobilization in groundwater at pH 6.5 to 8.5 under both oxidizing and reducing 
conditions (Smedley and Kinniburgh, 2002). Arsenic occurs in four oxidation states: arsenate 
(As[V]), arsenite (As[III]), arsenic (As[0]) and arsinic (As[-III]). The most common states of As 
in nature are As(V) and As(III), both as solids and in aqueous solution. As(III) is more mobile 
and stable than As(V) in aqueous solution, especially at pH >7. Stability of As(III) increases 
significantly in reducing conditions and it is about 100 times more toxic and hazardous than 
As(V) in solution (Ray, 1999). Arsenic is a sidero-chalcophile, i.e., it has a strong affinity for 
iron and sulfur. In nature it occurs mostly as sulfides, often being associated with Cu, Zn, Ni, and 
Ag. The major primary minerals of As are realgar (AsS), orpiment (As2S3) and arsenopyrite 
(FeAsS). These primary As minerals crystallize from hydrothermal solution formed in the last 
stage of magmatic crystallization, i.e., in the epithermal and mesothermal ranges and with 
volcanic emanation. Under oxidation they occasionally alter to secondary minerals like scorolite 
(FeAsS.2H2O), leucopyrite (Fe3As4), and pitticite (complex hydrated mixture of arsenate and 
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 sulphate). Among all these minerals arsenopyrite is most abundant in nature and is regarded as 
the primary source of groundwater contamination. Derived from primary and secondary 
minerals, As also occurs as ionic sorbed phases on the surface of metal (Fe, Mg, Al) oxides in 
colloidal solutions and sometimes in geothermal springs (Ray, 1999) 
 
1.5.1 Arsenic sorption kinetics: Redox reactions of major elements like Fe and Mn have a 
strong control on the behavior, concentration and speciation of trace elements like As in aqueous 
systems. One of the principal processes by which groundwater is enriched in As is reductive 
dissolution of hydrous Fe oxides [HFO (e.g. FeOOH)] along with release of sorbed As. The 
sequence begins with consumption of O2 and reduction of SO42-, being accelerated by 
accumulation of CO2 derived from oxidation of organic matter. The liberated Fe and SO42- will 
react with each other, ultimately forming pyrite (FeS2) under reducing conditions. Excess Fe 
present in the system may be precipitated as authigenic magnetite (Fe3O4). However, under 
strongly reducing conditions, in the presence of H2S, magnetite will transform into pyrite. 
Because the release or sorption of small amounts of As can have a major effect on the overall As 
concentration in the aquifer, understanding the coupled Fe-As-SO42- reactions is of immense 
importance (Smedley and Kinniburgh, 2002).  
 
Oxidation of As(III) and reduction of As(V) are other reactions that may influence the 
speciation behavior. The redox processes are slowest at a slightly acidic pH (around 5) and are 
catalyzed by microbial activities. This redox reactions lead to the release of adsorbed As(III) in 
groundwater (Masscheleyen et al., 1991). The reduction of As(V) takes place at a redox potential 
intermediate between those for Fe(III) and SO42- reduction.  
 
Equilibrium thermodynamics indicate that As(V) (as H2AsO4- and HAsO42-) should 
predominate over As(III) (as H3As3O30 and H2AsO3-) under all conditions except where strong 
SO42- reduction is taking place (Masscheleyen et al., 1991). However, under natural conditions, 
due to the interaction of multiple redox couples, the speciation process may be much more 
complex (Seyler and Martin, 1989), so that As(III) may predominate in less reducing 
environments (Seyler and Martin, 1989; Eary and Schramke, 1990; Kuhn and Sigg, 1993) or 
even oxidizing environments (Abdullah et al., 1995). Incubation studies of sediment from 
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 Bangladesh showed that reductive dissolution of As can take place even in mildly oxic 
conditions (van Geen et al., 2004). The presence of naturally occurring organics (NOM) can 
have a profound effect on As movement as they can effectively hinder As(III) from reaching 
sorption equilibrium (Redman et al., 2001). This discussion shows that reduction of As will 
probably be the most effective mechanism of As mobilization in the subsurface of large fluvio-
deltaic systems with reducing groundwater and large amounts of NOM (Smedley and 
Kinniburgh, 2002).  
 
As(V) and As(III) have different adsorption isotherms, which implies that they travel 
through the aquifer with different velocities and increased separation along the flow path. 
Experiments show that As(III) moves five to six times faster than As(V) in acidic and mildly 
oxidizing conditions. At near neutral to neutral pH, As(V) moves faster than before but is still 
superseded by As(III). Under alkaline and reducing conditions both of them move rapidly (Gulen 
et al., 1979). Under similar conditions, in most natural systems, As(V) reacts much more rapidly 
with Fe oxides than As(III) does (Pierce and Moore, 1980). As(V) thus is preferentially adsorbed 
on Fe oxide and hydroxide (e.g., ferrihydrite [Figure 1.17]) surfaces (Ferguson and Anderson, 
1974; Gulen et al., 1979, Pierce and Moore, 1980; Jain et al., 1999) and Mn oxide (Manning et 
al., 2002; Foster et al., 2003) at low concentrations. Alternately, As(III) can be scavenged by iron 
sulfides (Korte and Fernando, 1991; Rittle et al., 1995). Arsenic adsorption is more dependent on 
its oxidation state than on pH at near-neutral pH values. Oxidation of As(III) may lead to 
lowering of mobility and the oxidation rate can be radically increased by the presence of Mn 
oxides (Oscarson et al., 1981; Scott and Morgan, 1995). The rate of oxidation is independent of 
the concentration of dissolved O2 (Scott and Morgan, 1995). 
 
1.5.2 General mechanisms of arsenic mobilization in aqueous solution: Among aqueous 
systems, As is found in maximum concentration in groundwater, and also in the most varied 
concentration ranges. High-As groundwater is not common or typical in most aquifers but occurs 
only under very special biogeochemical conditions. Understanding the reason for As 
accumulation in hazardous amounts in groundwater systems requires a good understanding of the 
hydrodynamics, hydrogeochemistry and water-solid interaction potential of the aquifer. In most 
studied areas it has been seen that high-As groundwater is not related to areas of high As 
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 concentration in the source rock. Two key factors have been identified. First, there should be 
very specific biogeochemical triggers, which lead to the mobilization of As from the solid/sorbed 
phase to groundwater, and second, the mobilized As should have sufficient time to accumulate 
and not be flushed away, i.e., it should be retained in the aquifer (Smedley and Kinniburgh, 
2002). In other words, As release from the source should be quick, relative to the rate of 
groundwater flushing. Commonly five different mechanisms are identified for mobilization of As 
in groundwater. Each of them is described in brief as follows (after Smedley and Kinniburgh, 
2002).  
 
1) Mineral dissolution: The primary process by which As is introduced into the aqueous system 
is by dissolution of primary and secondary minerals (mentioned earlier) under extreme Eh-pH 
conditions. Fe-Mn oxides tend to dissolve at acidic pH values. The associated minor/trace 
elements like As that occur as adsorbed (labile) or bound (non-labile) phases tend to be released 
during the host mineral’s dissolution. Similarly the sulfide minerals dissolve when oxidized, 
liberating As. This is the probable mechanism by which As is effectively mobilized from 
arsenopyrite/pyrite to many surface water and shallow groundwater systems. 
2) Desorption of As under alkaline and oxidizing conditions: As tends to be strongly adsorbed by 
oxide minerals as arsenate under near-neutral to acidic conditions. However, as the pH becomes 
alkaline, As starts to rapidly desorb (Figure 1.18), increasing its concentration in groundwater 
along with other oxyanions like phosphate, vanadate, molybdenate and uranyl. The presence of 
HCO3- and (PO4)3- may significantly modify the strongly non-linear adsorption isotherm of As, 
thereby affecting its mobilization in groundwater to some extent. Among the processes that may 
result from this change of pH are uptakes of protons by mineral weathering and ion-exchange 
reactions. 
3) Desorption and dissolution of As under reducing conditions: The most widespread As 
contamination probably results from reduction of ferromagnesian oxides/hydroxides and SO42- 
under anoxic aqueous conditions. Simultaneous with Fe(III) reduction to Fe(II), As(V) is reduced 
to more mobile and hazardous As(III), thereby increasing As concentrations in groundwater. The 
most common cause of this is rapid sediment accumulation and burial. This condition is ideal in 
fluvial systems with large meandering channels, where huge amounts of sediment are rapidly 
 24
 deposited in the stream bed and in back-channel fills. The presence of a large quantity of NOM, 
which is very common in fluvial ecosystems, accelerates the reduction and mobilization cycle.  
 
The reductive dissolution of FeOOH is enhanced by microbial activity of dissimilatory 
(respiratory) bacteria strains like Shewanella Br Y (Cumming et al., 1999). Microcosm studies 
by Islam et al. (2004) showed that anaerobic metal-reducing bacteria could play a catalytic role 
in mobilization of As from Bengal sediments. van Geen et al. (2004) suggested that the 
dissimilatory microbial reduction is stimulated by addition of substrate, possibly by the class of 
organisms responsible for sulfur reduction (Inskeep et al., 2002; Oremland et al., 2002). 
 
4) Reduction of oxide mineral surface area: In the early stages of weathering and sedimentation, 
HFOs are generally deposited as fine-grained crystals of diameter ~5 nm and specific surface 
area of ~600 m2/g (Smedley and Kinniburgh, 2002). As the age of the deposited sediments 
increases, the HFOs recrystallize to more ordered and large-grained minerals like hematite and 
goethite with specific surface areas of ~150 m2/g. The result is significant surface-area reduction. 
Assuming that the total mass and volume of As remain constant in the system, this could lead to 
considerable mobilization of adsorbed species due to sorption-site deficiency (Figure 1.19). 
5) Reduction in bond strength between As and host mineral surface: Under strong reducing 
conditions, the surfaces of HFOs are reduced to form Fe(II) from Fe(III). This, in addition to the 
above-described effects, will result in a significant decrease of net surface positive charge, 
thereby reducing the electrostatic attraction between the mineral surface and adsorbed species. 
This could result in substantial mobilization and enrichment of As in groundwater (BGS/DPHE, 
2001). 
 
1.6 Background 
1.6.1 The contamination problem: As concentrations in groundwater of the Bengal basin vary 
widely, generally ranging from less than 0.005 mg/l to 3.2 mg/l (CGWB, 1999; BGS/DPHE, 
2001), but in certain areas concentrations up to 4.1 mg/l have been identified (Ghosh and 
Mukherjee, 2002). The contaminated aquifers are of Quaternary age and are comprised of 
micaceous sand, silt and clay derived from the Himalayas and basement complexes of eastern 
India. They are sharply bounded by the River Bhagirathi-Hoogly (distriburtary of River Ganges) 
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 in the west, the Rivers Ganges and Padma in the north, the flood plain of the River Meghna 
(tributary of the River Padma), and the River Jamuna in the northeast (Acharyya et al., 2000).  
 
There has been much speculation about the primary source of As in this basin. The total 
amount of solid-phase As in the soil and sediment is not significant, ranging from 1 to 30 mg/kg 
(McArthur et al., 2001; Harvey, 2002). Several workers have confirmed that the contamination is 
natural and is intensified by anthropogenic interferences (Acharyya et al., 1999, 2000; Ray, 
1999). Of the several hypotheses about the sources of As, the most convincing are as follows: 
 
1) As is transported by the River Ganges and its tributaries from the Gondwana coal seams in the 
Rajmahal trap area, which are located to the west of the basin. As concentration of the coal can 
reach up to 200 ppm (Saha, 1991). 
 
2) As is transported by the north Bengal tributaries of the River Bhagirathi and the River Padma 
from near the Gorubathan base-metal deposits in the eastern Himalayas (Ray, 1999). 
 
3) As is a biogenic deposit in the paleo-channels of the River Bhagirathi and the River Padma 
under euxinic conditions (P. Chakrabarty, West Bengal State Remote Sensing Board, 1999, 
personal communication). 
 
4) As is transported with the fluvial sediments from the Himalayas (e.g., McArthur et al., 2004). 
This is the most accepted hypothesis at present.   
 
Four main mechanisms have been identified by various workers to explain the 
mechanism of As mobilization in groundwater of the Bengal basin. These are: 
 
1) As is released by oxidation of As-bearing pyrite in the alluvial sediments (Mallick and 
Rajgopal, 1995; Das et al., 1996; Mandal et al., 1998). However, a general low concentration of 
SO42- in the groundwater may not support this idea (McArthur et al., 2001). 
 
 26
 2) Arsenic anions sorbed to aquifer material are displaced into solution by competitive exchange 
of PO43− available from fertilizers of surface soils (Acharyya et al., 2000). Other workers have 
argued that dissolved PO43− is contributed primarily by sources other than fertilizer (e.g., 
reductive dissolution of iron oxyhydroxide [FeOOH], degradation of human waste, and oxidation 
of peat) and that competitive exchange may be minor (McArthur et al., 2001). 
 
3) As sorbed to FeOOH is released by reduction of peat under anoxic conditions during sediment 
burial (Bhattacharya et al., 1997; Nickson et al., 1998, 2000; McArthur et al., 2001, 2004; 
Ravenscroft et al., 2001) or by oxidation of NOM (Harvey et al., 2002, 2005).  
 
4) As is released from HFOs or other sediment phases by complex redox reactions related to Fe 
and S cycling (Zheng et al., 2004) and is retained in the solution by partial redox equilibrium 
(see Chapter 5). 
 
Many of the workers have agreed that one of the main mechanisms of transport of As 
across contaminated aquifers is indiscriminate agricultural and industrial pumpage. 
 
1.6.2 Bengal basin hydrogeochemistry: The groundwater of the GBM floodplain is mostly 
dominated by Ca2+ and HCO3- with some Na+, Cl- and negligible SO42- (BGS/DPHE, 2001; 
Dowling et al., 2002). Elevated concentrations of Sr and Ba are seven to nine times those of the 
local surface-water concentrations. Other trace metals like V, Ni, Mo, Ag, Cd, and Pb are at or 
near the detection limit (1–100 nmol/L) with detectable concentrations of U (Dowling et al., 
2002). A distinct SW-NE divide of the hardness of the waters has been observed, with high Mg 
and Ca waters being particularly associated with Ganges sediments to the southwest 
(BGS/DPHE, 2001). In most places the ratios of V, Mn, Fe, Ni, Zn, As, Sr, Mo, Ag, Cd, Ba, Pb, 
and U to chloride are much greater than the seawater ratios, indicating that the dissolved trace 
metals in the groundwater may have been derived from the weathering of aquifer protoliths 
(Dowling et al., 2002). Positive correlations between Sr and Ca and between Sr and HCO3- 
suggest that the Sr in the groundwater may have been derived from the weathering of carbonates 
(Dowling et al., 2002). Most Bangladesh groundwater has high concentrations of Fe and As, 
which are often (though not always) found to be strongly correlated (BGS/DPHE, 2001). Strong 
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 correlations (r2 = 0.6 – 0.9) were observed between dissolved As and CH4, Fe, and NH4+ 
(Dowling et al., 2002). 
 
87Sr/86Sr of Bengal groundwater (0.717– 0.735) indicates that the sediment source is 
mainly from the Ganges drainage basin (Dowling et al., 2002). The shallow groundwater (< 70 m 
bgl) has δ18O values between –3.5 and –5.5 ‰ (VSMOW). This range is similar to that of the 
present precipitation in Bangladesh. Samples from deeper groundwater are scattered along the 
Global Meteoric Water Line (GMWL), but are either low (-6 ‰) or high (-3 ‰), suggesting 
recharge from precipitation in a different climatic regime from about 3,000 to 30,000 years ago 
(Aggarwal et al., 2000). δ13C values range from –10 to –15 ‰ (VPDB). Tritium content of 
groundwater varies from 0 to 7 TU. Deeper wells have values of ~0.4 TU or less. Present-day 
rain and river water in Bangladesh has tritium concentrations of level of 5-10 TU (Aggarwal et 
al., 2000). 14C ranges from 7.6 to 113.5 pmc, with deeper water having values less than 60 pmc. 
Water with 14C values in the range of 7 to 60 pmc has been estimated to have an age of about 
3000 to 15,000 years (Aggarwal et al., 2000). 
 
1.6.3 Similar studies in North America: Several previous studies in North America have 
examined at regional hydrogeochemical evolution. These studies used various techniques in 
addition to traditional chemical analyses. The hydrogeochemical facies concept was introduced 
by Back and Hanshaw (1970) to study the mixing of groundwaters and water-sediment 
interaction along a flow path. Stable isotopes (e.g., 2H, 13C, 18O, 34S) and 87Sr/86Sr have been 
extensively used as tracers to identify groundwater sources and geochemical processes (Clark 
and Fritz, 1997). Radioisotopes (3H, 14C, 36Cl) have been used to estimate residence time or age 
of groundwater as well as for investigation of recharge and discharge rates (Bentley et al., 1986; 
Lehmann et al., 1993; Johnson et al., 2000; Roback et al., 2001; Alley et al., 2002). Occasionally 
dissolved noble gases have also been used to understand paleo-recharge conditions (e.g., 
Andrews et al., 1991). Finally, modeling of flow and geochemistry has been used in many 
studies to assess the regional scale hydrogeochemistry (Plummer et al., 1990; Aravena et al., 
1995a; Parkhurst et al., 1996; Plummer and Sprinkle, 2001).  
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 The studies that are relevant to the present work have been undertaken in alluvial basins 
such as those of the Atlantic Coastal Plain, the High Plains, the Gulf Coastal Plain, and the 
Alberta basin in North America. One of the first regional studies of groundwater chemistry was 
conducted by the USGS in the Mississippi valley in 1957 to assess sustainability of the regional 
aquifer system (Boswell, 1996). Hendry et al. (1991) observed systematic patterns in Na+, Cl-, 
HCO3- + CO32-, SO42-, δ18O, δ2H and pH along the groundwater flow path in the Milk River 
aquifer from Montana to Alberta. For a regional flow path ~100 km long in the Black Creek 
aquifer in South Carolina, Chapelle and McMahon (1991) concluded that SO42- reduction 
appeared to be sustained by SO42- diffusion from an adjoining aquitard, while S2- concentrations 
are probably limited by pyrite precipitation at the aquifer-aquitard boundary. Fryar et al. (2001) 
used chemical analyses of precipitation, groundwater, soils, soil gas, and stable isotopes (δ13C, 
δ18O and δ2H), along with speciation calculations and groundwater flow modeling, to investigate 
sources of recharge and controls on regional-scale hydrochemical evolution of the Ogallala 
aquifer of the Texas High Plains. Reactions during recharge were inferred to include oxidation of 
organic matter, dissolution and exsolution of CO2, dissolution of CaCO3, silicate weathering, and 
cation exchange. Penny et al. (2003) noticed sequential peaks of Ca2+, Mg2+, K+, and Na+ along 
regional groundwater flow paths in Alabama, indicating separation of ions, possibly driven by 
cation exchange. Several discrete zones of Fe2+, Mn2+, Sr2+, and SO42- rich groundwater have 
formed along these flow paths, possibly related to microbial reduction of Fe and Mn. The 
modeled groundwater flow pattern indicates mixing of meteoric water, carbonate groundwater 
and saline basinal brines.  
 
 The present study selectively follows methodologies of the above-mentioned studies. 
However, it is distinct in that it tries to characterize the detailed hydrogeology of the Bengal 
basin in terms of aquifer-aquitard relationships, groundwater flow, regional hydrochemical 
patterns and chemical evolution to delineate the controls on nonpoint-source As contamination. 
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 Table 1.1 Population details of arsenic-affected areas (by districts and administrative blocks) 
within the study area, excluding arsenic-affected parts of Calcutta (Kolkata) (Source: PHED, 
unpublished data). 
 
District As affected  Based on 2001 Census 
  
Administrative 
Blocks Total Population 
    in each Block 
Murshidabad Raninagar-I 155000 
  Raninagar-II 156000 
  Domkal 312000 
  Nawda 196000 
  Jalangi 216000 
  Hariharpara 222000 
  Beldanga-I 259000 
  Suti-I 139000 
  Suti-II 213000 
  Bhagwangola-I 163000 
  Bhagwangola-II 130000 
  Berhampur 379000 
  Raghunathganj-II 193000 
  Murshidabad-Jiaganj 200000 
  Farakka 220000 
  Lalgola 268000 
  Beldanga-II 210000 
  Raghunathganj-I  154000 
  Sub-Total: 3785000 
Nadia Karimpur-I 167000 
  Karimpur-II 192000 
  Tehatta-I 218000 
  Tehatta-II 134000 
  Kaliganj 291000 
  Nakashipara 335000 
  Nabadwip 122000 
  Hanskhali 261000 
  Krishnaganj 133000 
  Haringhata 208000 
  Chakdaha 363000 
  Santipur 216000 
  Chapra 272000 
  Ranaghat-I 207000 
  Ranaghat-II 330000 
  Krishnanagar-I 280000 
  Krishnanagar-II 124000 
  Sub-Total: 3853000 
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                Table 1.1 (continued) 
District Blocks Population in each 
block 
North 24 Parganas Habra-I 188000 
  Habra-II 150000 
  Barasat-I 238000 
  Barasat-II 169000 
  Deganga 276000 
  Basirhat-I 147000 
  Basirhat-II 194000 
  Swarupnagar 226000 
  Sandeshkhali-II 136000 
  Baduria 248000 
  Gaighata 300000 
  Rajarhat 145000 
  Amdanga 166000 
  Bagda 274000 
  Bongaon 344000 
  Haroa 182000 
  Hasnabad 177000 
  Barrackpore-II 159000 
  Barrackpore-I 157000 
  Sub-Total: 3876000 
South 24 Parganas Baruipur 352000 
  Sonarpur 167000 
  Bhangar-I 204000 
  Bhangar-II 207000 
  Budge Budge-II 173000 
  Bishnupur-I 206000 
  Bishnupur-II 191000 
  Joynagar-I 219000 
  Mograhat-II 262000 
  Sub-Total: 1981000 
  Grand Total: 13495000 
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        Table 1.2: Geographical extent of the study area 
  
End 
point 
Decimal degrees 
 
 
 Latitude                Longitude  
Projection: Transverse Mercator 
(UTM 45, Central Meridian 87), 
Spheroid: WGS 84 
       Northing                    Easting 
NW 24.66 88.01 2,725,439 600,000 
SW 21.64 88.04 2,393,130 606,432 
NE 24.30 88.71 2,690,042 675,641 
SE 89.09 21.62 2,392,602 716,850 
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Figure 1.1: Map of West Bengal showing the arsenic-affected areas (red) (PHED, 2004). 
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Figure 1.2a: Montage of photographs taken (2003-2005) of patients suffering from arsenic 
contamination in the study area. 
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Figure 1.2b: Photo of one of the first known victims of As contamination (residing near 
our sample location at Kankphul, block Habra-II, North 24 Parganas).  
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Figure 1.2c: Reported cases of malignancy (1983-1998) caused by arsenicosis in West 
Bengal (unspecified source). 
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Figure 1.3a: Plot showing cumulative growth percentage of deep public water supply wells in 
West Bengal (PHED, unpublished data). 
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Figure 1.3b: Map (smoothed) showing extent of arsenic poisoning in the Bangladesh part of 
the Bengal basin (BGS/DPHE, 2001).  
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Figure 1.4a: Map of Murshidabad (eastern) showing the administrative blocks within 
the study area (PHED, unpublished map, as of 2004).  
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Figure 1.4b: Map of Nadia showing the administrative blocks within the study area 
(PHED, unpublished map, as of 2004).  
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  Figure 1.4c: Map of North 24 Parganas showing the administrative blocks within the 
study area. The red outline shows area with some surface water supply (PHED, 
unpublished map, as of 2004). 
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 Figure 1.4d: Map of South 24 Parganas showing the administrative blocks within the 
study area. The red outline shows area with some surface water supply (PHED, 
unpublished map, as of 2004). 
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Figure 1.5: Geological map of Bengal basin and its surroundings (Segall and Kuehl, 1992).  
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 Figure 1.6: Map showing the tectonic elements of the Bengal basin 
(BGS/DPHE, 2001).  
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Figure 1.7: A cross-section of the Bengal basin from west to east boundary through the 
submarine canyon in the Bay of Bengal (Imam and Shaw, 1985). 
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Figure 1.9: Lithostratigraphic succession of the western part of the basin with 
sequence boundaries and phases of delta formation (Lindsay et al., 1991). 
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Figure 1.10: Physiographic map of the Bengal basin (Goodbred and Kuehl, 2000). 
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Figure 1.11: Fence diagram of lithology of the Bengal basin (Goodbred et al., 2003). 
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Figure 1.12: Major stages of Holocene landform evolution in the 
Bengal basin (Umitsu, 1993). 
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Figure 1.13: Eustatic sea level curve of the Bengal basin based on a study in the 
central GBM plain. The dashed boundary of the curve indicates limit of error 
(Islam and Tooley, 1999). 
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Figure 1.14: Plot showing the relation between a) mean grain size and organic 
carbon and b) organic carbon and total nitrogen in the Bengal basin (Datta et al., 
1999). 
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Figure 1.15: Eh-pH diagram for aqueous As in the system As-O2-H2O at 25oC and 1 bar total 
pressure (Smedley and Kinniburgh, 2002). 
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(a) 
(b) 
 
Figure 1.16: Plot showing (a) arsenite and (b) arsenate speciation as a function of pH and ionic 
strength of about 0.01 M (Smedley and Kinniburgh, 2002). 
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Figure 1.17: Adsorption isotherms and relationship of adsorbed As with net OH- release during 
the reaction with arsenite and arsenate with ferrihydrite at pH 4.6 and pH 9.2 (Jain et al., 1999).  
  
 
 
 
Figure 1.18: Calculated increase in As(V) concentration when the pH of a sediment (containing 
1g/kg Fe as HFO) is increased from its initial value of pH 7 under closed-system conditions 
(Smedley and Kinniburgh, 2002). 
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Figure 1.19: Calculated increase in As(V) concentration when the specific surface  
area of HFO in a sediment (containing 1g/kg Fe as HFO) is reduced from initial 
value of 600 m2/g under closed-system condition (Smedley and Kinniburgh, 2002). 
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 Chapter 2: Regional hydrostratigraphy 
 
2.1 Introduction and study area 
 In this chapter, a hydrostratigraphic model for the arsenic contaminated areas of the 
western Bengal basin has been proposed with block-scale descriptions of the possible aquifer-
aquitard framework.  
 
2.1.1 Extent:  The study area represents an interfluvial delta plain, bounded by the main channel 
of the River Ganges in the North, the River Bhagirathi-Hoogly in the west, the rivers Jalangi, 
Bhairav, Ichamati, Raimangal and Kalindi in the east, flowing almost along the Indo-Bangladesh 
border, and the Bay of Bengal in the south (Figure 2.1). In addition, the River Churni bifurcates 
from the Ichamati and flows toward the Bhagirathi-Hoogly, and the River Matla drains the 
southern parts of South 24 Parganas (Survey of India, 1971).  
 
2.1.2 Elevation: In general the topography of the area is very flat (maximum elevation of about 
35 m above mean sea level (MSL) near Jangipur, Murshidabad, sloping toward the Bay of 
Bengal in the south), with a gradient of about 0.1 m/km from north to south. In order to obtain 
detailed elevations, a digital elevation model (DEM) was acquired from the Shuttle Radar 
Topography Mission (SRTM 90) of NASA (horizontal resolution of 3 arc-sec/90 m; vertical 
resolution of 1 m) and processed for the study area. The color-coded DEM is shown in Figure 
2.2. This DEM was imported into gridding/contouring software (Surfer ® version 8, Golden 
Software, Golden, CO, USA) and saved in Surfer grid (.grd) format. This resulted in enhanced 
compatibility of the DEM grid with the other modeling software that has been used in this 
project.  
        
2.1.3 Coordinate system: The locations of the reference points within the study area were 
measured in the field by a Trimble® hand-held GPS using a spherical coordinate system of 
latitude and longitude (datum WGS84). To minimize the distortion for discretization of the grids 
for the lithologic and groundwater models, the location data were projected to Universal 
Transverse Mercator (UTM 1983), Zone 45 (central meridian 87, spheroid GRS 80, reference 
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 latitude 0, scale factor of 0.9996, false easting 500,000, false northing 0). The coordinates of 
origin of the modeled area for both type of modeling were easting 600,000, northing 2,380,000. 
 
2.2 Previous studies 
 AIP/PHED (1991, 1995), CGWB (1994a, b, c, d, e, 1997), SWID (1998), Acharyya et al. 
(2000), Goodbred and Kuehl (2000) and Goodbred et al. (2003) are the only detailed 
publications on the sedimentary framework of the entire study area, although some restricted 
government reports may also exist. All of these reports tend to provide brief descriptions of the 
lithology without specifying the relations between the individual aquifers at the local or regional 
scale.  
 
2.3 Data acquisition and sediment classification 
 Lithologic data for this study were collected from 143 lithologs of drinking water, 
irrigation and observation wells drilled in and around the study area as shown in Table 2.1. These 
lithologs exist in the databases of the PHED and SWID, Government of West Bengal; B.M. 
Engineering (KrishnaNagar, West Bengal); and the Central Ground Water Board (CGWB), 
Government of India (CGWB, 1994d; SWID, 1998; PHED, 2003a, b, c, d). The depth of the 
lithologs ranges from 50 m to 612 m below ground level (bgl) with a mean of 243.4 m. In 
general the depth of the logs increases from Murshidabad to South 24 Parganas. They are 
distributed throughout the area except for some areas near the active delta front and near the 
eastern border of central Nadia district. To fill the data gap in this latter area, five logs were 
collected from the Bangladesh part of the basin from the Japan International Cooperation 
Agency (JICA, 2002).  
 
The lithology in the logs has been generally recorded at sub-meter vertical resolution and 
consists of four major types of unconsolidated sediment: gravel, sand, sandy clay and clay. A 
number of lithologs from various localities have recorded further subdivision of sands in terms of 
grain size (very coarse, coarse, medium, fine) and color (white, yellow, gray, dark) along with 
documentation of the presence of mica, calcareous concretions and fossil fragments (mostly in 
South 24 Parganas). The clays have also sometimes been described in terms of color (black, 
gray, yellow/brown etc.) and cohesiveness (sticky, pasty, etc.). However, because in this study, 
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 effort was made only to characterize the regional-scale hydrostratigraphy, only the major types 
of the sediments were used for conceptualization and modeling. Though this method has 
excluded more detailed quantitative description of the aquifer materials, it has successfully been 
able to produce a general regional model without ambitious interpolations. Also, a relatively thin 
soil horizon with a general thickness of 2 to 4 m covers the study area. The soil varieties are 
Entisols (Udifluvents) (north of Calcutta), Alfisols (Tropaqualfs) (in most of South 24 Parganas) 
and Aridisols (in the delta front) (CGWB, 1994e). These soils have not been included in the 
modeling or the description of the hydrostratigraphy. 
  
From hydrogeologic points of view, these sediments have been categorized as aquifer 
(sand and gravel) and aquitard (clay). The position of the sandy clay is ambiguous: it can act as 
either less permeable aquifer or higher permeability aquitard. Its exact category will vary from 
locality to locality based on the sand/clay ratio and permeability. Although the less permeable 
sediments like clay transmit some groundwater, they separate the overlying aquifer(s) from 
lower aquifer(s) by hydraulic conductivity (K) contrast. In the study area, the extent, thickness 
and K of these clay or aquitard layers are very important as they govern the three-dimensional 
flow of groundwater at local and regional scales (Tóth, 1963).  
 
2.4 Conceptual interpolation 
Four north-south and 25 east-west transects connecting all of the lithologs were laid out 
on the map of the study area, 11 of which are shown in Figure 2.3. Cross-sections were 
developed for each of these transects by manual interpolation.  
 
2.5 Lithologic modeling 
 Based on the acquired lithologs, a lithologic model was developed with RockWorks 
(RW) version 2004® (RockWare, Golden, CO, USA). RockWorks is multipurpose geologic 
software that can develop a lithologic solid model in a block-centric finite-difference grid. The 
gridding was done by eight nearest-neighbor methodology. Initially all the nodes of the solid 
model were assigned an “undefined” value. Then, based on the presence of the nearest defined 
nodes, the model can do 3-D interpolation by average minimum distance, and the number of 
nodes to be included within this distance can be user-defined.  
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The location (in UTM), elevation (in m), vertical extent (in m) and lithology (above-
mentioned sediment types) of each of the lithologs were entered into the RockWorks project 
database. A solid model was developed to a depth of 300 m below MSL and was assigned an 
initial land-surface elevation of 30 m above MSL. The resolution of the model was 1000 m (x) × 
1000 m (y) × 2 m (z). The resulting discretization consisted of 135 x nodes × 335 y nodes × 165 
z nodes, thus having 7,462,125 solid model nodes, each with a voxel volume of 2,000,000 m3.  
For interpolation, four nodes were assigned between each defined-undefined node. The SRTM 
90-DEM grid was imported into the model to define the topographic elevation.   
 
From the constructed solid model, a number of profile sections and fence diagrams were 
developed (Figures 2.4 and 2.5), including the transects planned for conceptual interpolation. 
The output of each of these modeled sections was visually compared with manual interpolation 
and corrected for any obvious error or noise. It should be remembered that because the modeling 
has been performed at a regional scale and the interpolations are based on nearest neighbor 
algorithms, the results are not free of uncertainties and do not represent local-scale variations. 
Thus the interpretations should be considered as among the most probable scenarios of the 
lithologic/hydrostratigraphic conditions existing in the study area. It was observed that the 
modeled transects were closely comparable to the manually interpolated transects, except that the 
computer-generated ones seemed to demonstrate/simulate the 3-D extent of the lithologic bodies 
to a greater extent. Some volumetric analyses were also performed for each sediment type at the 
model resolution in order to understand the volume of aquifer and aquitard sediments within the 
study area. Several plan-view maps have also been developed for specific depths in order to 
visualize the nature of the aquifers and aquitards at those depths.  
 
2.6 Discussion 
 The lithologic modeling suggests the presence of a very complex 3-D hydrostratigraphic 
framework in the subsurface of the western Bengal basin. A detailed description of the study area 
at the block scale is provided here to illustrate the general spatial trends in aquifer thickness and 
spatial variability. This is important because without understanding the subsurface framework in 
at least the block scale, it is very difficult to ascertain the nature of flow in a particular area and 
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 hence an understanding of the As contaminated areas. The cross-sections in Figures 2.4 and 2.5 
and depth-plan maps in Figure 2.6 provide detailed depictions. The names of the localities 
mentioned henceforth represent the respective blocks (not shown on the map) or towns. These 
names are followed by numbers in parentheses corresponding to the locations of lithologs listed 
in Table 2.1. These numbers are also shown in the cross-sections. At a depth of ~300 m from 
MSL (the base of the model), a thick clay deposit covers the whole area. In the northernmost part 
of Murshidabad (from west to east, the blocks are Raghunathganj-II, Lalgola, Bhagawangola-I 
and -II and Raninagar-II), the topmost sand layer extends from near the surface to a depth of 
about 65 - 75 m (locations 73, 79 in Table 2.1). Below this unconfined aquifer is a basal clay 
aquitard extending from ~80 m to more than 300 m in the west (73, 74, 75), and dividing into 
multiple layers toward the east (80, 89). Near Raninagar-II, the upper clay layer is very thin and 
is mostly replaced by a sandy clay horizon, which lies between thick sand layers. In the west, this 
thick aquitard extends to near Beldanga (86) and Kaliganj (45), while it diminishes to form a 
extensive sand layer toward Karimpur-I and -II in the east to a depth of 110 m (58, 59, 60) and 
gradually increasing to about 190 m (61, 62). The most noteworthy thing about this area is the 
presence of isolated aquifers at depths of ~200 to 230 m and ~240 to 265 m extending from 
Bhagawangola (76, 77) to Behrampur (84) through Murshidabad-Jiaganj, with the possibility of 
southward extension. These isolated aquifers have water chemistry distinct from the shallower 
aquifer (see Chapter 5). Toward the south, the unconfined sand aquifer thickens to a depth of 
about 190 m in Nakashipara (near Bethuadahari in the west, 47) and to a depth of about 230 m in 
Tehatta (67, 70). The basal aquitard exists from ~230 m to more than 300 m depth. There are 
also some isolated aquifers in Tehatta from a depth of ~120 to 160 m (42, 43). 
 
The unconfined aquifer changes to a confined/semiconfined aquifer south of Shantipur 
because of thick clay layers from near surface to a maximum depth of 60 m. These layers thin to 
the east, toward Ranaghat-II (52), and ultimately vanish toward the Bangladesh border (137, 
138). In the west, near the town of Kalyani (123), this surficial aquitard extends to about 65 m 
bgl, extending south to the north-northeast of Calcutta, where it is thin (12 to 25 m bgl) near 
Dumdum (129) and BidhanNagar (130), and continues toward Diamond Harbour (100, 102). In 
the east, toward Ranaghat (51, 52) and eastern Chakdah (56), this aquitard thins to about 10-12 
m before it disappears near the western border of Bagdah (1). Near the India-Bangladesh border, 
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 two gravel horizons exist at depths of about 110 to 120 m and 160 to 180 m, as observed in 
Krishnachandrapur (136). These gravel horizons, probably indicating paleo-channels, thin 
toward the west, and only the top horizon is observable at a depth of about 75 to 100 m at 
Palashipara, Tehatta (68). The basal aquitard exists at 170 to 200 m depth in south Nadia (51, 52, 
and 123). In the western part of North 24 Parganas, the extensive basal clay layer splits to form a 
sandwiched confined aquifer, which continues to the Bay of Bengal. This aquifer starts in the 
north of Calcutta and is prominently visible in BudgeBudge (111) at a depth of 212 to 280 m.  
Some gravel horizons are visible near the Bangladesh border of northern North 24 Parganas at a 
depth of 138 m to 148 m (3) and in Jessore (115 m-120 m, 185 m-190 m, and 260 m-280 m) 
(137, 138). 
 
Two thick clay lenses occur farther south of Calcutta, toward Budge Budge (111) (52 m 
to 151 m) in the west and Swarupnagar block (82 m to 204 m) in the east (4, 31), continuing 
toward south-central South 24 Parganas. The hydrostratigraphy of southern South 24 Parganas is 
dominated by multiple aquitards (100, 118, 119, 121). Many of these clay layers contain 
fragments of invertebrate fossils, indicating a marine origin. These clay layers separate a 
succession of fresh-brackish-fresh aquifers. The brackish aquifers exist at depths of 22 m to 168 
m in southern South 24 Parganas (CGWB, 1994d). Around Kariberia, Diamond Harbour (114) 
area, a gravel horizon is visible at a depth of 98 m to 150 m. This gravel bed is a marker horizon 
between the overlying brackish aquifer and fresh water below (CGWB, 1994e).  
 
The volumetric analyses of the lithologic model indicate about 2.26 × 1012 m3 of sand and 
about 2.85 × 1012 m3 of clay within the study area. The amount of sandy clay is an order of 
magnitude lower than these two main lithotypes. Assuming that all the sand layers are saturated 
and have 20% porosity (n) (Harvey, 2002; JICA, 2002), about 4.52 × 1011 m3 of water is 
estimated to reside at steady state in aquifers of the study area. 
 
2.7 Proposition of hydrostratigraphic nomenclature 
 Hydrostratigraphic units have been defined as bodies of rock with considerable lateral 
extent that compose a geologic framework for distinct hydrologic systems (Maxey, 1964). Based 
 61
 on the hydraulic properties of rocks/sediments, they were supposed to be practical mappable 
fundamental units for describing hydrologic systems in the field (Seaber, 1988). 
 
Several workers have discussed the general nature of the aquifer system in the basin, 
focusing mostly on Bangladesh (UNDP, 1982; Barker et al., 1989; EPC/MMP, 1991; 
BGS/DPHE, 2001, Stüben et al., 2003; Ravenscroft et al., 2005). However, for the western 
Bengal basin there is a scarcity of published regional-scale hydrologic studies. Thus, based on 
the discussion so far, a hydrostratigraphic nomenclature for our study area is proposed. Seaber 
(1988) commented that because of the lack of physical material in Maxey’s (1964) definition of 
hydrostratigraphic units (dynamics of hydrologic regime), hydrostratigraphic units have not been 
formally adopted by North American Commission on Stratigraphic Nomenclature. Hence the 
proposed nomenclatures in this study are also intended to be informal.   
 
In summary, the study area is dominated by a major single-aquifer system, which is 
mostly unconfined/semiconfined except in the southernmost part. In several localities, this main 
aquifer has been locally divided into multiple layers by the presence of discontinuous aquitards, 
but except in the southernmost part (south portion of North 24 Parganas and South 24 Parganas), 
the nature of the groundwater flow and chemistry is generally similar throughout (see Chapter 5), 
supporting our interpretation of a single hydrostratigraphic unit. The deeper, isolated aquifers are 
differentiable from the semiconfined portions of this main aquifer on the basis of groundwater 
chemistry (see Chapter 5). The name Golden Bengal or Sonar Bangla (in Bengali) aquifer is 
proposed for the main aquifer in the study area as shown in Figure 2.7, after the poetic 
description of Bengal by Tagore (1905). The thick, extensive, basal clay layer that marks a 
definite division between the Golden Bengal aquifer and any other aquifer present below -300 m 
MSL is named as the Murshidabad aquitard due to its best development in the Murshidabad area 
(Figure 2.7). The Golden Bengal aquifer probably formed over the Murshidabad aquitard as a 
major shift in the delta building process of the Rivers Ganges-Brahmaputra. The Murshidabad 
aquitard thins toward the east and south, but it can be vertically traced to a depth of at least 300 
m. In the southernmost part of the study area, distinct intermediate-depth aquitards extend 
northward from the active delta front in the south and pinch out northward around the middle of 
North 24 Parganas. These aquitards have divided the main aquifer into multiple layers, which 
 62
  63
have differences in chemistry and flow patterns. While the upper and lower portions of the 
aquifer in this area contain fresh water, the intermediate portion contains of brackish water 
(CGWB, 1994e), as a result of seawater intrusion from the Bay of Bengal. These aquitards have 
confined a part of the Golden Bengal aquifer from near a line between Calcutta and Bashirhat, 
and thicken toward the south. They are named as the Ichamati-Bhagirathi-Hoogly aquitard 
system, after the major rivers that drain the area (Figure 2.7). 
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Figure 2.1: Location map of the study area showing the districts and important rivers 
(district boundaries are in dashed lines). UTM values (in parentheses) are listed 
beside respective latitude and longitude values. 
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 Figure 2.2: Elevation map of the study area prepared from SRTM-90 DEM along with 
locations of important towns (the stars): #1 Jangipur, #2 Behrampur, #3 Karimpur, #4 
Tehatta, #5 Debagram, #6 KrishnaNagar, #7 Ranaghat, #8 Bongaon, #9 Barasat, #10 
Bashirhat, #11 Calcutta (Kolkata), #12 Diamond Harbour. 
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Figure 2.3: Map showing location of the 143 lithologs in Table 2.1 used for lithologic 
interpolation and orientation of the 11 cross-sections shown in Figures 2.4 and 2.5. 
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Figure 2.6: Modeled plan maps of the study area showing the subsurface 
distribution of lithologic units at definite depths. 
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Figure 2.7: Conceptual block model showing the proposed hydrostratigraphic units (not 
to scale). 
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 Chapter 3: Regional groundwater flow modeling 
 
3.1 Introduction 
 In this chapter, numerical simulations of regional-scale, seasonal groundwater flows through the 
proposed hydrostratigraphic framework have been described. The objectives for the groundwater 
flow modeling were to: 
i) understand the groundwater flow pattern at a regional scale in the western Bengal 
basin; 
ii) understand the interactions between shallow and deep groundwater flow and hence 
the possibility of cross contamination of arsenic across the vertical extent of the 
aquifers; 
iii) calculate the relative magnitude of flow in the shallower and deeper parts of the 
aquifers; 
iv) analyze the effects of pumping at present and projected future rates on the flow 
patterns and predict the future status of the groundwater resource for the study area.     
 
The rivers (see Figure 2.1) are the most important geomorphic features in the study area. 
The complete Holocene stratigraphic sequence has been formed by the channel-interchannel-
deltaic sedimentation of these rivers. Herein, it is hypothesized that they provide a strong control 
on the nature of groundwater flow in the area. One rationale for selecting this area is that it can 
be considered to be a hydrologically closed system for purpose of groundwater flow modeling, 
considering the major hydrologic boundaries on all four sides.  
 
3.2 Previous modeling efforts 
  Groundwater flow models for the Bengal basin have been developed for Faridpur and 
Chapai Nawabganj (BGS/DPHE, 2001) and Jennaidah and Jessore (JICA, 2002) in Bangladesh. 
These models included 2-D cross-sectional models and a 3-D regional model. No comprehensive 
modeling study was found to have been done for our study area, although local-scale modeling 
has been performed for the Yamuna subbasin in North 24 Parganas (Ghosh et al., 1999; 
Mukherjee, 2004). 
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 3.3 Conceptual model 
 Before planning the details of the model design, a conceptual model was conceived. 
Being a tropical fluvio-deltaic system with monsoonal rainfall, groundwater flow in the western 
Bengal basin is complicated to conceptualize, even without considering extensive anthropogenic 
impacts. Therefore, in this modeling effort, only the parameters that were thought to have 
significant control on the groundwater flow were incorporated. The model design is based on the 
observed hydrostratigraphy, including an upper aquifer and a basal confining unit. Recharge is 
primarily meteoric, while discharge occurs both through outflow to surface water bodies and 
pumping for irrigation. The modeled area is bounded in the north, west, and east by the 
specified-head-boundary Rivers Ganges, Bhagirathi-Hoogly and Jalangi/Ichamati, and to the 
south by the Bay of Bengal, a constant head boundary.  
  
3.4 Discretization and design 
  The 3-D groundwater flow in the study area is modeled by MODFLOW (McDonald and 
Harbaugh, 1988). Groundwater flow in heterogeneous, anisotropic media can be expressed by 
the following equation: 
t
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where 
Kxx, Kyy and Kzz are hydraulic conductivity values in x, y, and z directions, which are assumed to 
be parallel to the major axes of K (L/T) 
h is the hydraulic head (L) 
W is volumetric flux per unit volume and represents sources and/or sinks of water (T-1) 
Ss is the specific storage of the porous material (L-1) 
t is time (T) 
 
Microsoft Windows® based Groundwater Vistas® (GV) version 4 (Environmental 
Simulations International, Reinshold, PA, USA) was used as a pre-processor (for design and 
discretization) and post-processor (for viewing results and mass balance). The modeled study 
area is 335 km in length and 110 km in width. It coincides almost with the study area except 
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 small areas in the east (east of the River Ichamati) and south (in the active delta front).  The 
description of the model design follows. 
 
3.4.1 Horizontal discretization: The grid is 335 (x) × 110 (y) (36,850 horizontal grid cells) with 
each grid cell having dimensions of 1000 m × 1000 m. 
 
3.4.2 Vertical discretization and aquifer parameters: The model thickness is 330 m to 300 m, 
depending on topography, with 21 layers (total of 773,850 3-D grid cells). Except for the top 
layer, which has variable thickness due to topographic features, each layer is 15 m in thickness. 
In order to make the model realistic, the hydraulic framework of the different layers was based 
on the lithologic modeling exercise. A 1000 m × 1000 m × 15 m lithologic model was developed 
in RockWorks (RW), as discussed earlier. Each of the sediment types was assigned an index 
value (G) to define the K value for the aquifers and aquitards. Then the lithologic layers from 
RW were imported to GV via Surfer as grid layers with nodal values of hydraulic conductivity 
(Kx = Ky and Kz = 1/10 of Kx). Thus the GV model is comprised of hydraulic conductivity values 
in place of the corresponding lithotypes of the lithologic model, that is, the lithologic model was 
replicated as a hydrogeologic framework model.  The 21st layer (285 m to 300 m below MSL) 
was defined as the basal no-flow boundary, consistent with the extensive clay layer at about 300 
m below MSL. 
 
The initial values of aquifer parameters were taken from the literature. CGWB (1994a, b, 
c, d) and SWID (1998) estimated that transmissivity (T) values (in m2/d) vary from 3300 to 7000 
in Murshidabad, 5000 to 8800 in North 24 Parganas, and 500 to 3000 in South 24 Parganas, with 
an average storativity (S) of 0.03. The value of porosity (n) was assumed to be 0.2 (Harvey, 
2002; JICA, 2002). BGS/DPHE (2001) suggested that the K values for Gangetic sediments could 
vary from 10 to 100 m/d. In their site-specific model of Faridpur, they classified the sediment as 
sandy silt (K= 4 m/d), fine sand (8 m/d), medium sand (25 m/d), and coarse sand (46 m/d). For 
the present model, we selected uniform initial Kx and Ky (Kz = 1/10 of Kx) values of 4 m/d, 25 
m/d and 40 m/d for sandy clay, sand, and gravel, respectively. Kx, Ky, and Kz of 0.01 m/d were 
selected for clay according to JICA (2002). The final values of the aquifer parameters were 
ascertained by model response to sensitivity analyses. 
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3.4.3 Surface topography: The initial thickness of the topmost layer was set as 30 m. The 
SRTM DEM was imported into GV for the surface elevation/upper bound of the topmost layer.  
 
3.4.4 Specified head boundaries: According to the conceptual model, ArcGIS® (ESRI, 
Redlands, CA, USA) shape files were developed for each river and then imported into GV as 
specified-head-boundary river objects. To resemble reality, all of the rivers shown in Figure 2.1 
have been included. The rivers were divided into 11 reaches according to geometric similarities 
along each reach. For each of the stream reaches, the starting and ending cells were specified 
with attributes like channel width, stream stage, channel bed elevation, and K of the bed 
sediments. Depending on the reach length and surrounding topography, GV automatically 
interpolated the attribute values for the cells lying between the starting and ending cells of each 
reach. The width of each of the reach was specified according to measurements from the base 
map. In Bangladesh, the stage of the rivers varies from approximately 5 to 13 m above the 
streambed (Dowling et al., 2003). For this model the stage values for each reach were selected 
from field experience and the topographic values specified for the cells in the vicinity, assuming 
that the stage of the river is near the land surface. The other attributes were specified according 
to estimation, field experience and local information.  
 
3.4.5 Constant head boundaries: Constant head boundaries with a value of 0 m representing 
the Bay of Bengal were assigned to the southernmost rows of the top four layers of the model. 
Though not exact, the depth and extent of the constant head boundaries for each layer were 
guided by the original bathymetric data (Survey of India, 1971). The extreme southern boundary 
was marked at the southernmost tip of the study area (the active delta front). 
 
3.4.6 Rationale of seasonal models: The study area has distinct wet (monsoon) and dry seasons. 
On average (1901 to 1970), the seasonal rainfall can be considered as pre-monsoon (January to 
May) equaling 16.23% of annual rainfall, monsoon (June to October) 82.21% and post-monsoon 
(November-December) 1.57%. Increased pumping lowers the water level in the dry seasons. The 
aquifer is mostly full during the monsoon season as an effect of increased precipitation and lower 
rates of pumping. Hence any excess potential recharge is rejected (BGS/DPHE, 2001), thereby 
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 causing regular, widespread runoff and flooding. The division of seasons for this study was done 
in the context of irrigation schedules. The seasons have different daily recharge rates and 
pumping rates for irrigation.  
 
In West Bengal, rice cultivation is dominated by boro (mainly dependent on groundwater 
irrigation) during the pre-monsoon (January to April/May), followed by kharif (mainly 
rainwater-fed) during the monsoon (July to October/November). Rabi (post-monsoon) 
cultivation is also mostly groundwater fed. The high-yielding boro cultivation caught momentum 
with the onset of groundwater pumping for irrigation in the early 1970s. In Bangladesh, the 
cultivation increased from less than 0.05% of the total area in the early 1970s to more than 20% 
(more than 45% of total cultivable area) around 2000 (Hossain et al., 2003; Harvey et al., 2005). 
Boro requires from about 1 m (Harvey et al., 2005) to about 3 m (AIP/PHED, 1995) of annual 
irrigation, while kharif requires only about 0.3 m (S.P. SinhaRoy, Arsenic Task Force, 
Government of West Bengal, personal communication, 2004). 
 
In spite of having some localities with an overdraft problem (where the groundwater is 
not replenished annually), groundwater levels at the beginning of each irrigation season tend to 
be similar from year to year, which suggests that the groundwater levels are controlled by local 
river stages (BGS/DPHE, 2001). This observation and the lack of detailed storativity data for the 
different hydrologic units led to construction of three separate models for different annual 
irrigation seasons, instead of a single transient model with three seasons (stress periods). A single 
transient model would have been preferable, but the disproportionate precipitation (and hence 
recharge) during the monsoon adversely affects the water levels during other seasons of a 
transient model, resulting in poorly constrained values of the volume of water in storage. 
Moreover, calibration of the pre-monsoon model with pumping (at the beginning of the irrigation 
season) indicates a reasonable fit, as noted below, supporting the rationale of separate seasonal 
models. 
 
3.4.7 Recharge: The exact recharge values in the study area were not available. Previous studies 
have estimated 0.3 to 5.5 mm/d (BGS/DPHE, 2001) and 1.6 mm/d (annual average) (Basu et al., 
2002; Dowling et al., 2003) for the Bangladesh part of the basin. For the West Bengal part, 
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 SWID (1998) estimated that recharge is up to 15% of total precipitation. Because recharge rate is 
one of the primary controlling factors for groundwater flow in a low-topographic-gradient study 
area, a detailed approach for estimating the potential recharge (PR) was developed. The term 
“potential recharge” is used in place of “recharge” because the rainwater available for recharge 
will also run off, and there is no record or simple method available for estimating either the 
recharge or run-off in an area crowded by numerous ponds, ox-bow lakes, small streams and 
larger rivers. Harvey et al. (2005) noted that the pond/lake bottoms and streambeds can provide 
significant areas for infiltration of recharge, and irrigation water applied to cultivated fields can 
also re-infiltrate, resulting in a very complex cycle of recharge and discharge. Actual recharge 
values can be obtained by the difference in groundwater levels between wet and dry seasons. 
However, no such data were available except for general values obtained for some small 
localities. Moreover the daily oscillation of water levels due to irrigation pumping can be more 
than 0.2 m, thus presenting a very difficult scenario for estimating recharge and groundwater 
flow directions (Harvey et al., 2005). 
 
 Seasonal mean rainfall data, as shown in Table 3.1, were calculated for 25 locations 
within and near the study area based on multiple years’ data obtained from the National Climatic 
Data Center (http://www.ncdc.noaa.gov/oa/pub/data/ghcn/v2/ghcnftp.html). Table 3.2 shows the 
monthly mean temperature data for Calcutta from 1811 to 2005. Based on these data, potential 
evapotranspiration (PET) values were estimated for each location according to Malmstrom 
(1969): 
)(*9.40)/( TemonthmmPET ×=    
where  
)
3.237
3.17exp(611.0* +
××=
T
Te  
T  is average monthly temperature (°C). 
     
Evapotranspiration (ET) values were calculated (Pike, 1964) for each of these 25 locations as: 
2/12 ])(1[
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R
RmonthmmET
+
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 where  
R = average precipitation (mm/month) 
PET = potential evapotranspiration (mm/month) 
Potential recharge (PR) was then calculated as:  
PR (mm/month) = R – ET      
The monthly PR values were aggregated according to the previously described seasons. These 
values were then used to form 2-D daily PR grids of the study area by kriging in Surfer, where  
daily PR (mm/day) = 
s
s
d
R
    
where 
Rs = cumulative mean monthly rainfall for that season (in mm) 
ds = number of days in that season 
The daily PR grid files were then imported into GV to form the different zones of recharge in the 
top layer of each model. 
 
3.4.8 Groundwater abstraction: In the study area, generally four types of pumping wells are 
used for abstraction of groundwater. Similar to the description of BGS/DPHE (2001) for 
Bangladesh, they are: 
- Low yielding hand-pump tubewells (HTW): These are generally screened at a shallow 
depth (generally 10 to 50 m depending on their location). They are privately owned or are 
installed by the PHED and are mostly used for drinking and domestic purposes in villages 
and towns. They are pumped discontinuously throughout the day and because of their 
very low yield, they are thought to have minimal stress on groundwater. 
- Public-water-supply deep tubewells (PDTW): They are generally owned by PHED or 
town municipalities. They are operated by electric motorized pumps and have high 
abstraction rates (50-100 m3/h). Generally they are used for 6 hours each day. The 
pumped water is piped to communities for domestic use. Due to their limited numbers 
and restricted hours of operation, they were not considered in this modeling exercise, 
except in and around Calcutta, where the main abstraction takes place by a dense network 
of PDTWs as shown in Table 3.3a.  
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 - Irrigation shallow tubewells (STW): These privately owned tubewells use relatively small 
diesel-motorized 4.5 h.p. centrifugal or submersible pumps to abstract groundwater from 
relatively shallow depths (30-75 m). They are generally fitted with 75-mm diameter 
galvanized iron pipes and have an average yield of 26 m3/hr (CGWB, 1994e). Because in 
many instances they are installed privately, their hours and rates of operation are not 
exactly known, although MID (2001) provided an estimated number of wells for each 
district (Murshidabad: 66,664, Nadia: 94,789, North 24 Parganas: 63,202, and South 24 
Parganas: 9,452). They should have a widespread effect on groundwater flow, at least at 
shallow depths. However, due to the attached uncertainty, they were not included in the 
model design, with the understanding that this makes the model incomplete. Thus these 
provide a possibility of future refinement of the model. 
- Irrigation deep tubewells (DTW): These wells are owned by the Government of West 
Bengal Irrigation Department. Groundwater is withdrawn by 18-20 h.p. electric motors 
coupled with turbine or submersible pumps, which can yield up to 200 m3/hr. They are 
generally 60 to 180 m in depth (average 130 m) with 355- or 305-mm diameter steel pipe 
for about the upper 30 m and then 216-mm diameter pipe for the rest (CGWB, 1994e). 
They are one of the main sources of irrigation water in the study area and were included 
in the model design as pumping nodes. The number of DTWs currently present in the 
modeled area as shown in Table 3.3a was complied from MID (2001). Their hours of 
operation vary widely for cultivation seasons, but some generalized estimates of hours of 
operation and rate (Table 3.3a) were obtained for each district (M.K. Sinha, SWID, 
Government of West Bengal, personal communication, 2004). These values were used to 
determine the pumpage for each grid cell following the equation:  
a
A
trNQ ×××= )(    
where 
Q = the assigned total pumpage (outflow) value to each grid cell for a specified time [L3] 
A = area of each district within the model boundary [L2] 
N = number of pumps 
r = pumpage rate [L3/T] 
t = hours of operation per day [T] 
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 a = area of each grid cell. 
 
The exact depths at which the wells are operating were not available. Hence, the pumping 
nodes were assigned to model layers closest in depth to the PDTWs (data available from the 
lithologs) in the area. As it was also not possible to ascertain the lengths of the screened 
intervals for these pumps, the whole thicknesses of the layers (i.e. 15 m) were used.    
 
Three sets of models were developed: 
i) with pumping: pre-monsoon (PREM-p), monsoon (M-p), post-monsoon (POSTM-p), based 
on numbers of DTWs and PDTWs in 2001; 
ii) without pumping: pre-monsoon (PREM), monsoon (M) and post-monsoon (POSTM), 
assuming no DTWs or PDTWs (pre-1970s conditions); 
iii) projected pumping: average population growth of West Bengal for 1991-2001 was 18.15%; 
rates by district are tabulated in Table 3.3b (Census, 2001). Assuming the same rate of 
population growth in the next two decades, projected number of pumps and pumping rates 
for 2011 (2011-p) and 2021 (2021-p) for each district were calculated according to the 
following equation: 
 
PN ×= η     
where  
N = projected number of pumps 
η = number of pumps per capita in 2001 
P = projected population in the year of interest.  
Based on these estimated data, two pre-monsoon models (assuming same pumping rates, hours 
of operation and tapped depths as at present) were simulated. 
        
3.4.9 Calibration and sensitivity analyses:  Ideally, the models should have been calibrated for 
all three seasons for steady-state simulations without any pumping. However, because water-
level data were only available for the study area for the pre-monsoon in presence of pumping, the 
PREM-p model was calibrated at steady state against known head values from 26 locations. 
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 These water-level values for April and May were obtained from various sources (our field 
measurements, CGWB [1994d, e], and SWID [1998]). Sensitivity analyses were performed on 
this calibrated model (PREM-p) by sequentially varying the Kx-y of sand and clay, S and n 
values. Model response due to sensitivity analyses are listed in Table 3.4. The model was found 
to be most sensitive to the Kx values of sand and clay. Using the selected values from the 
analyses, the final model was recalibrated and found to have good agreement with present water-
level contours as shown in Table 3.5. The differences between the observed and computed values 
were probably a cumulative manifestation of a specified head boundary in the vicinity, 
discrepancy in topographic elevations, exclusion of STWs, and uncertain aquifer parameters. The 
finalized values obtained from the sensitivity analyses were then used for defining the aquifer 
properties of the other seven models (PREM, M, POSTM, M-p, POSTM-p, 2011-p, and 2021-p). 
 
3.5 Simplifications and limitations 
  As discussed earlier, the complexities of the western Bengal aquifers are so great that it is 
very difficult to construct a groundwater model that reflects local-scale variations of aquifer 
properties. Hence, based on the similarity to other data from the study area or previous studies, 
several generalizations and assumptions were involved in order to construct the model. As a 
consequence there are several limitations. Thus the modeling exercises for this study should be 
considered as a guideline or template on which future workers may modify and elaborate, 
although our results reasonably resemble current conditions. The simplifications are listed below. 
i) Values for potential recharge at each cell are based on the interpolated values from the 25 
monitoring stations. Calculation of PET was based on the temperature values that were 
available for Calcutta only. Moreover, as mentioned earlier, there may be differences 
between the potential recharge and absolute recharge. Hence the amount of water that is 
actually percolating into the system is not well constrained.  
ii) In order to make the numerical flow model executable within the present constraints of 
time and computational resources, a 15-m vertical resolution was used. This leads to a 
broad generalization for the hydrostratigraphic layers, so smaller-scale variations in the 
lithology may be over- or under-emphasized.  
iii) Precise aquifer property (Kx-y-z and S) values for each locality were not obtained. Hence 
generalized aquifer property values for the different hydrogeologic units were used 
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 throughout the model and the ranges of observed values obtained from the literature were 
used for sensitivity analyses. 
iv) Most of the specified head values were estimated based on previous literature, field 
experience, local information and topography, except the stream widths, which were 
known for each reach. 
v) The smaller water bodies (such as small streams, ponds, and lakes), which are present 
throughout the modeled area, were not built into the model because they were thought to 
have insignificant effects on the regional flow. 
vi) No comprehensive data were found for the DTW pumps (location, rate of pumping, hours 
of operation or screen depth and length). Hence a number of generalizations were 
undertaken as explained earlier. 
vii) The STWs, which would probably have significant control on the groundwater flow, were 
not included in the model because of insufficiency of data. 
 
3.6 Results and discussion 
Figures 3.1a and 3.1b shows the final simulation results of the eight models as contour 
maps of groundwater levels in the area. The effects of seasonality due to variable PR rates are 
distinctly visible in all the models.  
 
 The models without pumping (PREM, M and POSTM) suggest that there is a 
topographically controlled, natural regional flow from the northern boundary of the study area 
toward the south-southeast. The rivers in the system are in general effluent. The PREM contours 
indicate lateral flows in the vicinity of the Ganges in the north and northwest and along the 
Bhagirathi-Hoogly north of Calcutta.  Flows also converge in the vicinity of the Jalangi, whereas 
contours meet the Bhairab and upper part of the Ichamati at high angles. PREM also indicates 
the development of a few groundwater mounds above the land surface, illustrating aquifer 
saturation in those localities, with radially outward flow for excess water. Two such prominent 
localities can be noted near the western part of North 24 Parganas (near Bashirhat) and northern 
Murshidabad (near Jangipur). These locations match with present-day waterlogged areas 
(CGWB, 1994e) (Figure 3.2). The reason for this waterlogging is a conjunctive effect of the 
presence of a shallow aquitard, thickening of clay layers (Figure 2.5) and very flat topography. 
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 The possible result is flow stagnation and groundwater accumulation in these areas. Near the 
active delta front, contours become more broadly spaced, which is consistent with tidal 
fluctuations, although the models did not include those. The groundwater flow in M is not 
conspicuously visible on the map. Because of the large amount of water available for recharge 
during monsoonal rainfall, aquifer saturation and excess water ponding take place leading to 
recurrent wide floods and increased runoff to the streams. These are in agreement with Harvey et 
al. (2005), who observed in Munshiganj (Bangladesh) that groundwater flow ceases as stream 
stages rise and hydraulic head becomes uniform in flooded areas. BGS/DPHE (2001) reported up 
to 56.9% of the total area of Bangladesh flooded annually between 1954 and 1988 (based on 
Miah [1988] and Brammer [1990a, b]). Although no such historical data were available for the 
study area, a devastating flood in September 2000 affected 18.3 million people (with demise of 
1187 people) in 6177 villages of nine districts of West Bengal, including Calcutta 
(http://www.bapscare.org/services/disaster/2000/2000floods.htm). In Jumpukur (Table 2.1, 
location 46), Nadia, floodwater marks of 2000 were observed during fieldwork at 1.98 m above 
land surface (Figure 3.3). Of the 65 blocks within the study area, 75% have flood hazard 
potential of medium to very high (Sanyal and Lu, 2003). The POSTM model demonstrates north-
to-south flow with perpendicular to semi-perpendicular intersection of contour lines with the 
boundary rivers. 
  
 The “with pumping” models (PREM-p, POSTM-p, 2011-p and 2021-p) indicate that in 
all of the districts, except the southern half of South 24 Parganas, the natural flow paths have 
been thoroughly disrupted by the formation of cones of depression due to pumping. In vertical 
sections, local-scale convective flow cells are found to have developed corresponding to these 
depressions. In southern South 24 Parganas, flow reversal has developed along with increased 
inflow from the constant-head boundary of the Bay of Bengal. This phenomenon can be easily 
explained by the large salt-water intrusion that has been documented in these areas (CGWB, 
1994d, e; SWID, 1998, Allison et al., 2003). PREM-p demonstrates the effects of abstraction all 
over the study area, with prominent pumping centers in the blocks of Murshidabad-Jiaganj, 
Behrampur, Hariharpara and Domkal in central Murshidabad; Kaliganj and Nakashipara in 
northern Nadia; Shantipur, KrishnaNagar-I and Ranaghat-I in south-central Nadia; Chakdah, 
Haringhat, Habra-II and Amdanga in southern Nadia; and northern North 24 Parganas and 
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 Calcutta. Of these, the depression around Calcutta (CGWB, 1994e; Sikdar et al., 2001) is most 
acute due to the huge amount of pumping for municipal water supply through PDTWs.  The 
groundwater mounds near Jangipur and Bashirhat, though still observable, have become 
substantially reduced in size and extent. In the 2011-p and 2021-p models, the cones have 
become more pronounced. In 2021-p some dry cells corresponding to deep cones of depression 
have formed in central Murshidabad, northern North 24 Parganas, and south-southeast Calcutta. 
These dry cells imply severe overdraft. In the POSTM-p model, in addition to the effects of the 
PREM-p models, a huge cone of depression has developed in north and central North 24 
Parganas with centers at Calcutta, Rajarhat, Barasat-I and II, and Deganga. However, in reality, 
the cone of depression may not be so large because of the availability of monsoonal water in 
storage that has not been accounted for in the model design. The effect of pumping is not at all 
conspicuous in the monsoon model (M-p), indicating that the saturated aquifers are not stressed 
in spite of pumping.  
 
 Table 3.6 and Figure 3.4 show the groundwater mass (inflow-outflow) balance of these 
models. The mass balance error ranges between 0.02% (PREM-p) and -0.06% (POSTM-p). It 
indicates that at present the submarine groundwater discharge (SGD) through the delta front of 
South 24 Parganas seems to have decreased by 6% annually since the onset of pumping, while 
the annual salt-water intrusion has increased by 98%. The inflow of river water into the system 
has increased by 92% in the last three decades, but the rivers are still effluent mostly because of 
the monsoonal groundwater discharge. The model demonstrates that the rivers have changed 
from slightly effluent to influent for the post-monsoon season. This estimation is probably not 
viable because of the monsoonal water in storage, as mentioned above. 
 
 Dowling et al. (2003) estimated annual SGD as about 1.5 ± 0.5 × 1011 m3 of water for the 
entire delta front (500 km wide). Considering that the delta front in the present study area is 110 
km, the present estimates for SGD of 5.37 × 106 m3 are negligible. The probable reason for the 
difference is that Dowling et al. (2003) considered that all the recharge water reaching below 30 
m (first 2 layers of the model) is discharged to the Bay of Bengal. However, the present model 
shows that a considerable amount of water upwells from the aquifer deeper than 30 m to the 
rivers. The estimation of abstracted water (only by DTWs and PDTWs) from the modeled area is 
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about 8 × 108 m3 annually. On the basis of estimation of resident groundwater (4.52 × 1011 m3) 
from the lithologic model, it seems that the total volume of groundwater resource is as yet 
underutilized. Dowling et al. (2003) suggested an average actual recharge rate of 0.6 m/year. 
Using that estimation, the total annual recharge in the study area (recharge rate × rechargeable 
surface area) would be about 9 × 109 m3, which shows that the groundwater abstraction by DTW 
and PDTW is only about 9%. This value is similar to Dowling et al.’s estimate of 12 ± 4%. 
However, the composite cone of depression around Calcutta (as visible in PREM-p and POSTM-
p) is perennial and formed by overdraft pumping, which has superseded any recharge in that 
area. The cause may be exponential metropolitan growth (which is directly proportional to 
increases in groundwater demand for drinking and industrial use) and the lack of recharge due to 
impervious urban cover and the near-surface shallow aquitard (Figure 2.4a). The aquifers near 
Calcutta have not completely dried up probably because of the recharge that takes place in the 
north (near northern North 24 Parganas and southern Nadia) and subsurface inflow from the 
Bhagirathi-Hoogly. 
  
 Figure 3.5 illustrates the layer-by-layer mass balance calculation for the PREM-p model. 
The bulk of the groundwater flow in the system takes place between layers 2 and 6 
(approximately 15 m to 105 m bgl). This indicates that the local flow systems predominate, 
which agrees with the conclusion of Harvey et al. (2005) regarding flow in Bangladesh. 
Although lesser in extent, the medium to regional-scale flow to a depth of about 200 m (layer no. 
13) is not insignificant. Below that depth, to the base of the model, there is minimal recharge and 
groundwater has relatively long residence times. These results indicate that the Golden Bengal 
aquifer is continuously being recharged and there is substantial flow even in the deeper part of 
the aquifer, apart from the isolated aquifers mentioned above.  
 
  In conclusion, natural groundwater flow in the study area is dependent on the amount 
and timing of precipitation, and is controlled by the relatively flat topography and locations of 
major streams, but has been heavily distorted by pumping. This finding is in agreement with the 
results of 3-D regional modeling in western Bangladesh (JICA, 2002).   
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Table 3.4: Results of sensitivity analyses on PREM-p for uncertain aquifer parameter 
values.  
 
Sand (Kx) m/d RSS Comment 
25 78.9 formation of large dry cells 
37.5 34.4 used model parameter value 
50 21.9 formation of small dry cells in Nd and NP 
70 21.7 
formation of large dry cells all over the study 
area 
Sand (Ky) m/d 
25 34.4 used model parameter value 
37.5 31.2 formation of dry cells near CCU and SP 
15 39.5 formation of dry cells near CCU and Md 
Clay (Kx-y) m/d 
0.1 34.4 used model parameter value 
0.5 47.7 not much effect, long time to converge 
1 49.1 not much effect, long time to converge 
0.01 42.2 
distorted contours and flow toward River 
Ganges 
S  
0.03 34.4 used model parameter value 
0.015 34.4 no effect 
0.06 34.4 no effect 
0.3 34.4 no effect 
n 
0.2 34.4 used model parameter value 
0.1 34.4 no effect 
0.4 34.4 no effect 
 
bold: initial values, italicized: used values, RSS = residual sum of squares 
Md: Murshidabad, Nd: Nadia, NP: North 24 Parganas, SP: South 24 Parganas, CCU: 
Calcutta 
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Table 3.5: Results of model calibration with the best-fitted parameter values from Table 
3.4. 
 
Calibration locations Latitude Longitude Layer
Observed 
(hydraulic 
head in m 
above MSL)
Computed 
(hydraulic 
head in m 
above MSL) Residual
Raghunathganj 24.5 88.08 4 22 21.32 0.68 
Lalgola 24.42 88.25 4 20.7 20.40 0.30 
Bhagawangola 24.34 88.32 4 19.9 18.38 1.52 
Raninagar-II 24.25 88.6 4 16.5 15.27 1.23 
Jiaganj 24.23 88.27 4 17.2 18.55 -1.35 
Lalbagh 24.18 88.27 4 18.6 17.52 1.08 
Raninagar-I 24.15 88.47 4 14.5 11.75 2.75 
Behrampur 24.09 88.26 4 17.5 16.34 1.16 
Nawda 23.91 88.46 4 14.3 14.09 0.21 
Potkabari 23.86 88.52 6 13.5 13.36 0.14 
Debagram 23.69 88.33 6 11.3 11.05 0.25 
Chapra 23.61 88.56 6 11.9 11.03 0.87 
Nakashipara 23.6 88.35 6 12.4 10.98 1.42 
Banguin 23.33 88.66 6 8.2 8.24 -0.04 
Bongaon 23.05 88.83 7 7.1 6.75 0.35 
Amdanga 22.77 88.53 10 4.5 3.64 0.86 
Baduria 22.76 88.79 7 7.8 7.19 0.61 
DumDum 22.73 88.38 9 3 1.77 1.23 
Haroa 22.61 88.68 12 4 6.50 -2.50 
East Calcutta 22.56 88.42 9 0 -0.18 0.18 
Rajpur-Sonarpur 22.45 88.43 12 5 4.19 0.81 
Baruipur 22.4 88.48 12 5 3.43 1.57 
Jalerhat 22.3 88.56 12 3.5 2.74 0.76 
Sonakhali 22.3 88.74 12 2.8 3.04 -0.24 
Kulpi 22.16 88.29 12 2.2 1.38 0.82 
Dakhin Durgapur 22.06 88.39 12 2.2 0.89 1.31 
 
residual mean: 0.61 
residual standard deviation: 0.97 
sum of squares: 34.35 
absolute residual mean: 0.93 
minimum residual: -2.50 
maximum residual: 2.75 
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Figure 3.2: Map of water logged areas (marked red) within the study area of western Bengal 
basin (CGWB, 1994e). 
 
 
 
 103
  104
Error!
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(e) 
Figure 3.3: Collection of images of monsoon flooding in the study area during 2001-
2006 (Source: local newspapers [a-d] and field photo [e]).  
 
(a) 
(b) 
(c) 
(d) 
2001 flood water mark
(Loc. 46, table 2.1) 
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 Chapter 4: Regional-scale stable isotopic (δ18O-δ2H) signature of recharge and 
deeper groundwater 
 
 
4.1 Introduction and background 
 During the last two decades, several international institutions and organizations have 
studied the hydrogeochemistry and groundwater dynamics of the Bengal basin by using a variety 
of hydrogeologic techniques. Previous studies (e.g. Aggarwal et al., 2000; Basu et al., 2002; 
Stüben et al., 2003; Harvey et al., 2005; Klump et al., 2006) have applied stable isotopic 
techniques to understand hydrogeochemical processes in the region.  This chapter documents and 
discusses stable isotopic results of the deeper groundwater of the western Bengal basin. The 
study area is about ~ 22,000 km2, including the previously described area (eastern Murshidabad, 
Nadia, North 24 Parganas and northern and central South 24 Parganas) along with the 
southernmost part of Maldah, (Figure 4.1). The area lies ~ 200 km south of the eastern 
(Darjeeling) Himalayas. No previous basinal-scale isotopic study has been done in West Bengal. 
The objective is to delineate the source and recharge of deeper groundwater in Gangetic West 
Bengal by identifying regional trends in the 18O and 2H compositions of groundwater, surface 
water and rainwater. 
 
4.1.1 Previous stable isotopic studies of Bengal basin groundwater: Published studies on δ18O 
and δ2H distributions in the Bengal basin have been limited. The earliest work relevant to the 
present study was done by Dray (1983), who demonstrated that significant isotopic differences 
exist between groundwater and the River Ganges in Bangladesh, indicating a lack of rapid 
interaction between the two.  
 
Krishnamurthy and Bhattacharya (1991) collected 55 shallow groundwater samples (<10 
m below ground) along a ~1400 km transect between Calcutta and Delhi. Of these, only three of 
the samples were collected from or near the present study area. The samples from Calcutta and 
North 24 Parganas had δ18O values of ~ -4.3 and ~ -4‰ (VSMOW) respectively (values 
estimated from figure), while a sample about 20 km west of Calcutta was found to have δ18O of 
~ -4.5‰. The authors showed that as the Indian southwestern monsoon wind moves from the 
Bay of Bengal west-northwest toward central India (Ananthakrishnan, 1977; Rao, 1981), there is 
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 a clear continental effect (Dansgaard, 1964), so that the δ18O of groundwater becomes more 
depleted.  
 
Ramesh and Sarin (1992) documented that the Ganges headwaters, which originate at 
>3500 m in northern India, are isotopically highly depleted (δ18O: -7.8‰ to -14.4‰ and δ2H: -
51‰ to -103‰), defining a slope that is similar to the global meteoric water line (GMWL). The 
Ganges mainstream was found to be enriched downstream by evaporation. 
 
Shivanna et al. (1999) reported stable isotopic results for water samples collected from 
various depths in selected areas of Murshidabad and South 24 Parganas districts of West Bengal. 
They inferred that the aquifers in Murshidabad are connected, while there is limited connectivity 
between deeper and shallower groundwater in South 24 Parganas. They also showed that isotopic 
compositions of both the shallow groundwater and rivers are seasonally dependent, with 
maximum depletion occurring in December (Murshidabad groundwater δ18O: -3.00‰ to -
8.00‰; River Bhagirathi: -8.50‰; River Bhairavi: -5.50‰) and maximum enrichment in May (-
3.00‰ to -7.50‰; -6.78‰; and -3.53‰, respectively), probably because of enrichment by 
enhanced evaporation. Furthermore, they suggested that the depleted stable isotope values of 
some shallow groundwater compared to local precipitation in Murshidabad is an artifact of 
interaction with the depleted Ganges water, while most of the other localities have recharge from 
precipitation.  
 
Aggarwal et al. (2000) provided a detailed and systematic basin-scale study of 
Bangladesh, in which they attempted to delineate As-contaminated and uncontaminated aquifers 
and discussed the mechanisms of As mobilization based on stable isotopic signatures. They also 
evaluated the effect of geomorphic and sea level changes on atmospheric isotope composition 
and hence recharge. They grouped waters based on isotopic composition and depth and assigned 
them to different climatic regimes. They concluded that the older, deeper groundwaters are 
generally uncontaminated.  
 
Stüben et al. (2003) concluded that the shallow groundwater of their study area (in the 
vicinity of Behrampur, Murshidabad district) is of meteoric origin, whereas more depleted River 
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 Bhagirathi water (δ18O: -7.91‰ to -8.01‰) indicates a contribution of snowmelt water from the 
Himalayas and precipitation further up in the Ganges valley.  
 
Harvey et al. (2005) and Klump et al. (2006) concluded from their study site in 
Bangladesh (Munshiganj) that there is a difference in δ18O values between groundwaters above 
and below ~ 30 m from ground surface, suggesting mixing of chemically and isotopically 
distinct groundwater bodies at that depth. Values of δ18O are relatively depleted (< -3‰) above ~ 
30 m depth, become abruptly enriched (~ -1‰) at ~ 30 m depth, and then decrease slightly 
downward to a depth of ~ 100 m. 
 
Zheng et al. (2005a) studied the annual variation in stable isotopic compositions of 
rainwater, surface water and shallow groundwater at Araihazar, Bangladesh. They concluded that 
the composition of precipitation falls on the GMWL and that the surface water bodies are 
significantly evaporated, resulting in a δ18O enrichment of up to 10‰ in the dry season. The 
groundwater suggests recharge both from direct precipitation and from moderately evaporated 
surface water during the wet season and at the beginning of the dry season. The authors did not 
find evidence of recharge from strongly evaporated irrigational water in paddy fields. Figure 4.2 
combines results from some of the previous stable isotopic studies in the Bengal basin.   
 
 Literature on the isotopic composition of precipitation in the study area is scarce. The 
nearest monitoring points of the International Atomic Energy Agency and World Meteorological 
Organization (Global Network of Isotopes in Precipitation) are located in New Delhi, Allahabad, 
Shillong and Yangon (Myanmar). The average δ18O compositions for rainfall in these locations 
are: New Delhi (dry season [ds]: -1.53‰; monsoon [m]: -5.85‰), Yangon (ds: -3.92‰; m: -
4.54‰), Allahabad (annual mean [am]: -7.36‰) and Shillong (am: -3.67‰) (Araguas-Aruguas 
et al., 1998). Considering these values, Aggarwal et al. (2000) suggested the isotopic 
composition of recharge in their Bangladesh study area to be ~ -4.5‰ for δ18O and ~ -30‰ for 
δ2H. They also suggested an average δ18O value of -4.5‰ for rains in Calcutta based on shallow 
groundwater results from Krishnamurthy and Bhattacharya (1991).     
 
 109
 4.1.2 Climate: Due to its proximity to the Bay of Bengal and its low latitude position (the Tropic 
of Cancer passes through the study area), Gangetic West Bengal experiences a warm and humid 
climate with distinct dry and wet seasons. These may be termed as pre-monsoon (January to 
May), monsoon (June to October) and post-monsoon (November-December). The bulk of the 
precipitation takes place as a result of moisture-laden monsoon winds from the Bay of Bengal. 
Local convectional storms contribute to some pre-monsoonal rainfall. On average (based on 
Global Historic Climatology Network [GHCN] version 2 data from 1901 to 1970 [GHCN, 
2005]), pre-monsoon rainfall contributes 16.23% of the annual rainfall, monsoon 82.21% and 
post-monsoon 1.57%. It is hypothesized that most of the groundwater in the study area is 
recharged from monsoonal precipitation. Aggarwal et al. (2000) concluded from their study in 
Bangladesh that the stable isotopic signature of deeper water (at depths of 100-150 m and ~ 300 
m) is different from that of the shallower aquifers, suggesting that recharge of the deeper water 
took place following rainfall 3 to 30 ka ago.  
 
Monthly precipitation results from 35 monitoring stations in and around the study area 
have been acquired. Figure 4.3 shows the contour plots of the annual rainfall in these stations 
(computed from GHCN version 2 data) along with average daily summer temperature to 
illustrate the present climatic regime of Gangetic West Bengal. 
 
4.1.3 Hydrostratigraphic framework: The hydrostratigraphic characterization of the study area 
(up to a depth of 300 m below mean sea level [MSL], and excluding the part of the study area in 
Maldah) has resulted in the delineation of several types of aquifers (Figure 4.4) (Chapter 2). The 
first is a continuous, semiconfined sand aquifer (termed hereafter as the main aquifer) underlain 
by a thick clay aquitard. The names “Sonar Bangla aquifer” for this main aquifer and 
“Murshidabad aquitard” for the basal clay aquitard have been proposed in Chapter 2. The main 
aquifer deepens from a maximum of ~ 50-80 m below land surface in the north to ~ 180 to >200 
m in the south. In the southern half of the study area, discontinuous clay layers locally divide the 
near-surface aquifer to form several deeper, confined aquifers. Several smaller, isolated aquifers 
at greater depths than the main aquifers (~200-300 m) contain groundwater with considerably 
different solute compositions (Chapter 5). Finally, some deep parts of the main aquifer are not 
isolated but appear to demonstrate restricted conditions (intermediate between the main and 
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 isolated aquifers). The hydrostratigraphic positions of the two sampled wells that are screened 
below 300 m and of the four sampled wells in Maldah are not known.  
 
4.2 Methods 
4.2.1 Sampling: Sixty-four groundwater, seven river-water and fourteen rain-water samples 
were collected from Gangetic West Bengal during the months of May to August of 2003−2005 
(Figure 4.1, Table 4.1). The latitude and longitude of each of the sampling points were recorded 
in the field using a handheld Global Positioning System (datum WGS84).  
 
A number of deep, community water supply wells with single intake zones (single 
strainers) were selected. These wells (except the ones in Calcutta) are owned and operated by the 
Public Health Engineering Directorate (PHED), Government of West Bengal. Detailed 
information about the well completion and tapped aquifer was obtained from the PHED database 
and a local drilling agency (B.M. Engineering, KrishnaNagar).  Similar information was not 
available for the four wells in the district of Maldah, but they were ascertained to have single 
strainers (personal communication with PHED officers). Groundwater is withdrawn from all of 
these wells by 15-20 h.p. electric motors powering turbine or submersible pumps with general 
yields of 50 to 100 m3/hr, which can go up to 200 m3/hr. They are typically operated for 6 hours 
(2−3 hours at a time) each day. The wells are generally screened at depths of 50 to 409 m, with 
the overall trend of increasing well depth toward the south and east of the study area.              
 
During 2004 and 2005, groundwater samples were collected according to standard 
sampling protocols (Wood, 1981). The wells were purged for 40 to 75 minutes until the EH, pH, 
temperature (T) and electrical conductivity (EC) of the out-flowing water were stable, thereby 
indicating that the sampled water was representative of the aquifer. Each sample was then 
collected by pumping water through a disposable 0.45-μm plastic capsule filter. River water 
samples were collected using a hand-filtration unit with the same kind of filter. All of the 
samples for δ18O and δ2H were collected in 40-mL amber glass vials with solid caps. Care was 
taken to exclude air bubbles. During 2003, the samples were not filtered and were collected after 
~20-30 minutes of purging. The field parameters (EH, pH, T and EC) were also not measured for 
these samples. One-liter HDPE bottles were used to collect rainwater samples for δ18O and δ2H. 
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 As much as possible, each rain sample was collected during an entire storm to capture an average 
composition. Later, some of these waters were sub-sampled and transferred to 10-mL glass vials 
with solid caps.  
 
4.2.2 Laboratory methods: Isotope analyses of 2003 and 2004 samples were performed at the 
University of Kentucky Environmental Research and Training Laboratory (UK ERTL) on a 
ThermoFinnigan Delta Plus XP isotope ratio mass spectrometer (IRMS) using a Gas Bench II 
peripheral unit equipped with a GC-autosampler. The analyses were standardized against the 
international references Vienna-Standard Mean Ocean Water (VSMOW), Greenland Ice Sheet 
Project (GISP), and Standard Light Antarctic Precipitation (SLAP), as well as internal standards, 
with three standard gas injections followed by seven sample gas measurements. Precision was 
determined with duplicate and triplicate samples. For δ18O analyses, 0.5 mL of each standard and 
sample were transferred into individual exetainers and then flushed for one minute with 0.5% 
CO2 in He at 40 mL/min. They were then left to equilibrate at room temperature on a Gas Bench 
II for 48 hours before being analyzed. For δ2H, 0.5 mL of each standard and sample were 
transferred into individual exetainers containing platinum rods and flushed for three minutes with 
2% H2 in He at 90 mL/min. The samples were then left to equilibrate in a hot block in the gas 
bench for 16 hours at 22o C before analysis. Precision was ± 0.1‰ for δ18O and ± 1.0‰ for δ2H.  
  
Analyses of 2005 isotope samples were performed at the University of Arizona Isotope 
Geochemistry Laboratory on a gas-source IRMS (Finnigan Delta S) standardized with VSMOW, 
SLAP, and internal standards. The δ18O samples were equilibrated with CO2 at ~15oC in an 
automated equilibration device coupled to the IRMS. For δ2H, samples were reacted with Cr at 
750oC using a Finnigan H device coupled to the spectrometer. Precision was ± 0.08‰ for δ18O 
and ± 0.9‰ for δ2H.  
 
4.2.3 Data grouping and statistical clustering: The stable isotopic compositions of the sample 
locations with known well-completion details were grouped hydrostratigraphically into main 
(containing all the locations that were thought to be pumping water from the main aquifer) and 
isolated (consisting of the wells drawing water from the isolated aquifers and from depths >300 
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 m). The rationale for grouping >300-m and isolated aquifer samples together is that a clay 
aquitard underlies the study area south of Maldah at a depth of ~300 m (Chapter 2). 
  
  For all the wells, δ18O and δ2H values were evaluated by hierarchical cluster analysis 
(HCA) to investigate statistical relationships between hydrochemical and spatial parameters 
(Drever, 1997). Statistical associations do not necessarily demonstrate a causal relationship but 
do represent data in a condensed version for better visualization. Cluster analysis was used to 
determine if the samples could be grouped into distinct hydrochemical populations (Güler et al., 
2002). The HCA was done on the original data set (without any weighting or standardization) 
following Davis (1986), Güler et al. (2002), and Dreher (2003). The clustering was done by 
importing the r×c data matrix (r samples with c variables) into the statistical software package 
SPSS version 14 (SPSS Inc., Chicago, IL). For best grouping, the dendogram was constructed by 
Ward’s method of linkage (Ward, 1963) with squared Euclidean distance (Güler et al., 2002). 
Ward’s method uses an analysis of variance (ANOVA) approach to evaluate the distances 
between clusters. See Table 4.1 for the cluster number corresponding to each location. 
 
4.3 Results 
4.3.1 Rainwater: Because of the small number of samples (n = 14), rainwater samples were not 
used for statistical analyses or calculating mean weighted annual composition, but were used to 
generate a local meteoric water line (LMWL) for Gangetic West Bengal. As noted in Table 4.1, 
11 of the 14 samples were collected during 2004; the remaining three were collected in 2005. 
The samples represent May to August; 10 samples were from the monsoon season and four from 
the pre-monsoon. In 2004, the monsoon season in West Bengal began on 12 June (news release 
from Regional Meteorological Office, Alipur, Calcutta; Anandabazar Patrika, Calcutta, 12 June 
2004, page 1). Calcutta received 156 mm of rainfall (9.39% of total 1661 mm for 2004) during 
the pre-monsoon (January to May) and 1505 mm (90.61%) during the monsoon (June to 
October) (Figure 4.5). No rainfall occurred in November and December. Thus assuming that the 
rest of the study area had similar pattern and proportion of precipitation (as evident from the 
seasonal means stated in section 4.1.2), it can be assumed that our rainfall dataset fairly 
represents the isotopic composition of the precipitation available for groundwater recharge in 
Gangetic West Bengal.  
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 The LMWL plotted from our data in Figure 4.6 compares well to the global meteoric 
water line (GMWL) (Craig, 1961). The LMWL with a relation of  
δ2H = 7.24 δ18O + 7.73 (r2 = 0.93) 
is quite similar to the line developed by Bhattacharya et al. (1985) for a limited number of 
precipitation samples from New Delhi, Ahmedabad and Shillong:  
δ2H = (7.2 ± 0.1) δ18O + (5.1 ± 0.1). 
Krishnamurthy and Bhattacharya (1991) suggested a δ2H-δ18O slope of ~7.2 for average Indian 
monsoonal precipitation. Our data agree well with this suggestion. Figure 4.6 also distinguishes 
between the monsoon and pre-monsoon rains. Except for samples rain-water R1 and R8, the 
monsoon samples have δ18O values (-4.74‰ to -9.34‰) that are more isotopically depleted than 
those of the pre-monsoon rains (1.45‰ to 0.32‰). This suggests that the pre-monsoon rains may 
originate from isotopically enriched local moisture sources (such as evaporated surface water 
bodies), whereas the monsoon rain clouds have traveled a greater distance and had multiple 
fractionations before precipitation. An explanation for the higher δ18O and δ2H values of samples 
R1 and R8 is that they represent moisture sources that are relatively close to the sampling 
locations. The six samples for Calcutta plotted against month (June to August) do not 
demonstrate any seasonal trend (Figure 4.5).                      
 
4.3.2 River water: All of the river water samples plot below the LMWL (Figure 4.7), suggesting 
evaporation. The Bhagirathi-Hoogly samples (river sample numbers 1, 2 and 3), with δ18O 
values of -5.57‰ to -5.74‰, are more depleted than the Jalangi and Ichamati samples, with δ18O 
of -3.15‰ to -0.37‰. The Bhagirathi-Hoogly values are more enriched than other reported 
values for that river (Shivanna et al., 1999; Stüben et al., 2003). No data from other studies 
appear to exist for the Jalangi and Ichamati. One of the Ichamati samples (river water location 
[RW] # 7 [see Table 4.1 for location details]) was significantly more enriched than the other 
samples from this group and represents the composition of the tidally influenced southern rivers.   
 
4.3.3 Groundwater: Figure 4.7 differentiates the isotopic composition of samples between the 
main and the isolated aquifers. With the exception of one sample (groundwater location # 64 [see 
Table 4.1 for location details]), the δ18O values of the samples range from -3.12‰ to -6.12‰. Of 
the 64 samples, 40 have δ18O values more depleted than the mean (-4.80‰) of all samples. Five 
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 of six isolated aquifer samples and 19 of the 54 main aquifer samples were more enriched than 
the mean, which indicates that the isolated groundwaters are relatively isotopically heavier than 
the main aquifer samples. Kalinagar (#64) (δ18O of -0.48‰) is located in the southernmost part 
of the study area (near the delta front [Sunderbans]) and is suspected of being influenced by 
seawater intrusion from the Bay of Bengal or brackish water intrusion from one of the numerous 
tidal channels in the vicinity 
.  
 Statistical grouping of the data by HCA suggests three distinct groups (Table 4.1, Figure 
4.7). Most samples fall in group 1 (n = 49), while 7 samples fall in group 2 and 8 fall in group 3. 
All of the groups contain samples from both main and isolated aquifers.      
 
4.4 Factors influencing δ18O and δ2 H composition of recharge and groundwater: 
In general, the isotopic composition of groundwater is similar to the mean weighted 
annual precipitation composition, although variations may result depending on types of soils and 
vegetation, unsaturated flow through heterogeneous porous media, evapotranspiration, seasonal 
variations, long-term climatic variations, and residence time in the recharge zone (Clark and 
Fritz, 1997).  For the study area, the effect of evaporation before or during infiltration, seawater 
influence toward the south, and seasonal variability may be important. As noted earlier, Bengal 
basin recharge is dominated by monsoonal precipitation, although in certain areas and years there 
might be a significant contribution from the pre-monsoonal rainfall. The effect of seasonal 
variation would be most dominant in the shallow groundwaters. Clark and Fritz (1997) noted that 
in a system lacking preferential flow, the seasonal effects generally disappear below a critical 
depth. Hence, considering the depth from which groundwater samples were collected for this 
study, the isotopic composition of the groundwater should be similar to the weighted annual 
mean composition of precipitation after accounting for evaporation. However, it should be noted 
that because all the groundwater and river water samples were collected at the same time of the 
year, no study of seasonal trends was undertaken.   
 
4.4.1 Precipitation: Most of the groundwater samples plot slightly below the LMWL (Figure 
4.7). A linear fit relation of all groundwater samples  
δ2H = 5.8 δ18 O – 2.96 (n = 64, r2 = 0.82) 
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 has a lower slope than both the LMWL and GMWL, indicating that the isotopic composition of 
the study area is influenced by some additional factors (e.g. evaporation, sea water intrusion) 
besides precipitation. This relationship is similar to the one determined by Krishnamurthy and 
Bhattacharya (1991) for shallow groundwater for their study area from Calcutta to Delhi: 
δ2H = 6.4 δ18 O – 1.0 (n = 55, r2 = 0.95), 
but somewhat different from Bhattacharya et al. (1985):   
δ2H = (6.8 ± 0.1) δ18 O + (2.2 ± 0.4) 
for groundwater samples from several other stations in addition to those of Krishnamurthy and 
Bhattacharya (1991). Our relationship is also different from that of Aggarwal et al. (2000) for 
Bangladesh (reconstructed from reported values for both <100 and >100 m samples):  
δ2H = 6.9 δ18 O + 1.0 (n = 53, r2 = 0.91)  
However, when only the main aquifer samples are considered (excluding the tidal/sea-water 
influenced #64), the relationship  
δ2H = 6.7 δ18 O + 1.44 (n = 53, r2 = 0.84) 
is very similar to those of Bhattacharya et al. (1985) and Aggarwal et al. (2000). The 
groundwater δ18O range (except for #64) is within the range of monsoon precipitation 
composition during 2004-2005. This indicates that groundwater of the study area is probably 
recharged primarily from precipitation with similar isotopic composition to the present. The 
slight deviation of the samples from the LMWL suggests that some evaporation of rainfall occurs 
prior to or during infiltration, or there might be some mixing of the infiltrating water with 
preexisting soil moisture that has undergone several cycles of evaporation and wetting (Allison, 
1982). Harvey et al. (2005) concluded that the recharge in their study area in Bangladesh is very 
complex: in addition to direct infiltration from precipitation, recharge may also take place from 
the bottom of ponds, ox-bow lakes, rivers, and re-infiltration of groundwater withdrawn for 
irrigation. Such a scenario is probably also true for our study area.  
 
4.4.2 Distance from sea (continental effect): Comparison of the δ18O and δ2H compositions of 
groundwater with distance from the Bay of Bengal (monsoonal moisture source) (Figure 4.8) 
shows a prominent continental effect. Because of the north-south orientation of the study area, 
latitude was used as a proxy for distance from the sea. The δ18O value decreased from about -
3.2‰ (excluding #64) from near the southernmost part of the study area to about -6‰ in the 
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 northernmost part (r2 = 0.31 and P = 0.01). This pattern is consistent with recharge from the 
southwest monsoon, which moves from the Bay of Bengal toward the north with a Rayleigh-type 
distillation, where the air moisture becomes progressively depleted with successive phases of 
precipitation (Dansgaard, 1964). Krishnamurthy and Bhattacharya (1991) and Bhattacharya et al. 
(2003) documented similar subcontinent-scale depletion from the southwest monsoon. 
Krishnamurthy and Bhattacharya (1991) also concluded that the continental effect from Calcutta 
to Delhi cannot be solely explained by Rayleigh distillation, but must also account for re-entry of 
enriched vapor into the air from evapotranspiration (with an efficiency of ~40%). The inland 
gradient of δ18O depletion for our samples (~ -0.84‰ per 100 km) is much higher than the 
reported gradients of -2‰ per 1,000 km by Krishnamurthy and Bhattacharya (1991) for Calcutta 
to Delhi and -6‰ per 1,000 km by Bhattacharya et al. (1985) for Ahmedabad (western India) to 
Delhi. A decrease in the inland gradient can be caused by significant recycling of water vapor 
within the basin by evapotranspiration, as noted by Salati et al. (1979) for the Amazon basin and 
by Krishnamurthy and Bhattacharya (1991). However, estimation for Calcutta (see Chapter 3) 
indicates up to 50% evapotranspiration occurs during the summer, suggesting sufficient vapor 
mass recycling. Therefore, the cause of the high gradient in our study area is unresolved. It 
should also be noted that the calculations and conclusions by Krishnamurthy and Bhattacharya 
(1991) were based on the assumption of insignificant isotopic variation normal to the west-
northwest movement of the monsoon (i.e. along the long axis of our study area). In our study, 
plotting the δ18O values with longitude, a prominent trend of depletion (from ~ -3‰ to ~ -6‰) 
parallel to the westward component of the southwest monsoon (similar to the observation of 
Krishnamurthy and Bhattacharya [1991]) can also be seen. Thus the isotopic composition of 
monsoon precipitation in Gangetic West Bengal appears to show a continental effect both 
northward and westward. This hypothesis could have been confirmed more robustly with a more 
detailed precipitation data set across the study area, but except for Behrampur (n = 3) and 
Calcutta (n = 6), our sample set lacks multiple samples from individual locations. The measured 
δ18O ranges for monsoon rainfall in Behrampur (-6.72‰ to -9.34‰) and Calcutta (-0.46‰ to -
8.15‰) fail to show any trend (Figure 4.9).   
 
4.4.3 River water: In order to understand the influences of the individual major streams within 
the study area on the isotopic composition of recharge, the groundwater samples are grouped by 
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 proximity to the rivers and plotted against distance from the sea (latitude). These sample sets are 
(a) River Ganges-Bhagirathi-Hoogly (n = 32), (b) River Jalangi (n = 14), and (c) River Ichamati 
(n = 11). Some of the samples co-exist in both the Ganges and Jalangi groups. Distinct spatial 
trends are observed between these three groups, which might indicate some causal relationship.  
(a) River Ganges-Bhagirathi-Hoogly (Figure 4.10a): The composition of the river water samples 
from the Bhagirathi-Hoogly is almost the same over a distance of about 300 km, indicating a 
minimal latitudinal effect on the river water composition. The river water is generally more 
depleted than the groundwater, perhaps because of the highly depleted snow melt from the 
Himalayas (source of the Ganges) (Ramesh and Sarin, 1992; Stüben et al., 2003). The 
groundwater isotope values trend more positive toward the south, in contrast to the river water. 
In the northern to central portion of the study area (up to central Nadia), the river water and 
groundwater values are similar, indicating the possibility of recharge from the inflow of the river. 
Some of the samples deviating from the Ganges-Bhagirathi-Hoogly river water can also be 
grouped with the River Jalangi, indicating the possibility of influence from both the rivers. The 
maximum deviation from the linear trend in this area is Jumpukur (#24), which is suspected to 
have restricted recharge because of hydrostratigraphic heterogeneity. In the south, the 
groundwater-river water dissimilarity increases. The two most dissimilar groundwater samples, 
from Ghasiara (#34) and Canning (#36), are thought to have influences of restricted recharge 
(due to depth) and sea-water intrusion, respectively. The value from Calcutta (#4) is very similar 
to river water of Belur (RW #3), suggesting that recharge of groundwater in Calcutta is 
influenced by the Bhagirathi-Hoogly. This also agrees with the prediction of a groundwater 
model developed for the area (see Chapter 3) that high urban pumpage of groundwater attracts 
inflow of water from the river.  
(b) Jalangi (Figure 4.10b): The river is highly meandering (in contrast to the Ganges-Bhagirathi-
Hoogly and the Ichamati) and covers relatively little latitudinal distance. The two isotopic values 
of the river water are similar to each other, but they are far more enriched than groundwater in 
this group. The enrichment can be attributed to high evaporation from the relatively narrow 
stream channel and surface runoff influences. The groundwater locations in this group do not 
show any spatial trend. The greatest deviation from the linear trend was shown by the isolated 
aquifer sample from Iswarchandrapur (#45) and restricted main aquifer in Bhaluka (#49). Thus 
the Jalangi may not have much influence on groundwater recharge. 
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 (c) Ichamati (Figure 4.10c): Both the groundwater and the river water become highly enriched 
toward the south. The trends of groundwater and river water are sub-parallel to each other. The 
isotopic values of the river water are enriched than the groundwater. While the reason for 
enrichment of the Ichamati at Bongaon (RW #6) is probably evaporation and surface runoff 
influence, at Taki (RW #7), where the stream channel is very wide, the enrichment is consistent 
with tidal inflow from the Bay of Bengal. The maximum deviation of groundwater from the 
linear trend is demonstrated by Kalinagar (#64) near the delta front, reflecting seawater intrusion.            
 
4.4.4 Spatial distribution and depth: It is evident from the discussion so far that the isotopic 
composition of Gangetic West Bengal groundwater shows a prominent spatial pattern. A plot of 
the statistical groups on a map of the study area helps to better visualize this pattern (Figure 
4.11). The reason for this pattern, while not definitive, can be a composite or cumulative 
influence of precipitation, latitudinal effect, temperature, river inflow, seawater intrusion, 
hydrostratigraphy and (or) depth. Many of these points have already been individually discussed. 
Figure 4.11 shows that most of the areas except south-central North 24 Parganas and eastern 
South 24 Parganas are represented by HCA group 1, succeeded southeastward by groups 2 and 3. 
Of the two outliers in the north, the one in Murshidabad is represented by the isolated aquifer at 
Chaighari (#17). The outlier in Nadia has two points: group 3 is represented by the restricted 
main aquifer at Jumpukur (#24), and group 2 represents Debagram (#20). The reasons for these 
outliers are not certain. 
 
 The influences of depth and seawater intrusion for the observed pattern require 
evaluation. A δ18O-depth plot (Figure 4.12) illustrates that no apparent relation exists, and the 
distributions of the statistical groups are not dependent on the absolute depth. However, most of 
the isolated aquifer samples have been assigned in the higher order HCA groups, suggesting 
some hydrostratigraphic control. A lack of correlation between δ18O and Cl- concentration (see 
Chapter 5) negates the idea that the southward existence of the higher-order groups reflects a 
seawater influence from the Bay of Bengal.               
  
 
 
 119
 4.5 Implications for groundwater recharge 
 The isotopic compositions of deep groundwater (both in the main aquifer and isolated 
aquifers) are similar to modern-day precipitation values from the study area. This observation 
indicates that the deeper parts of the aquifers of Gangetic West Bengal have been recharged by 
rainfall under a climatic regime similar to the present, with a moisture source in the south (Bay 
of Bengal) and progressive depletion of monsoonal rainfall as it moves toward the north. 
Aggarwal et al. (2000) concluded that the samples with δ18O values heavier than -3‰ or lighter 
than -6‰ probably indicate recharge from older rainwater from a different climatic regime, 
although this water plots on the present day meteoric water line. In our study area, only a few 
samples had δ18O values close to older water range of Aggarwal et al. (2000). The samples with 
δ18O values close to or < -6‰ are from Sujapur (#7), Islampur (#3), Nabipur (#2), Habaspur 
(#37) and Kamagachi (#54). All of these samples (except Sujapur, which is undefined) are from 
the main aquifer. Four of the six isolated aquifers (Chaighari [#17], Chikanpara [#29], Bansjhari 
Mullickpur [#31], and Murarisha [#63]) and a few main aquifer samples (Berachampa [#27], 
Dalapara [#30], and Kalinagar [#64]) have δ18O values close to -3‰, which do not vary 
systematically with depth. It can be noted that the northernmost wells #2, #3, #7, and #37 (as 
mentioned above) are more depleted and the southwestern wells #27, #30, and #64 are less 
depleted, probably as a result of the continental effect as described in section 4.4.2. Hence 
simply being enriched or depleted relative to a critical value may not solely indicate climatic 
differences, and several other factors need to be carefully evaluated. It is possible that because of 
hydrostratigraphic heterogeneities, the deeper samples of Aggarwal et al. (2000) are older than 
ours, but in the absence of radioisotope data for our samples, we were not able to evaluate this 
possibility.    
 
 Based on similarities in isotope data from 1979 and 1999 from Bangladesh, Basu et al. 
(2002) concluded that extensive irrigational pumping has not disturbed regional groundwater 
flow in the Bengal basin. The authors inferred that such pumping would have resulted in mixing 
of groundwater from various depths, assuming that isotopic composition with depth would 
reflect a difference between 1979 (pre-pumping era) and 1999 (present pumping conditions). Our 
data show no significant difference in isotopic composition between the shallower water 
(Shivanna et al., 1999; Stüben et al., 2003) and the deeper water of the main aquifer system. 
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 Moreover, no direct relation was observed between depth and isotopic composition for our 
groundwater samples from the main aquifer. There are several possible reasons for this 
homogeneous distribution, including similarities in hydrostratigraphy, climate and land use 
within the study area.  
  
 Flow-model simulations of the study area (see Chapter 3) indicate that pumping could 
have caused vertical mixing of groundwater in the main aquifer, thus homogenizing the chemical 
and isotopic compositions locally. Therefore, the lack of a significant vertical trend in isotopic 
compositions with depth in the study area could in part be an artifact of pumping. However, the 
persistence of a lateral isotopic trend consistent with depletion of rainfall with distance from the 
Bay of Bengal and similarity in isotopic compositions between water from the isolated aquifers 
and the main aquifer indicate that pumping has not completely homogenized groundwater. 
Hence, there should not be a notable difference between regional-scale isotope distributions in 
1979 (before extensive pumping) and 1999 as suggested by Basu et al. (2002). Therefore 
conclusions regarding groundwater mixing cannot be solely based on isotopic signatures.  
 
4.6 Conclusion 
 Stable oxygen and hydrogen isotopic compositions of rainwater samples collected 
during this study show that the monsoonal precipitation is generally more isotopically depleted 
than the pre-monsoon rainfall in Gangetic West Bengal, India. The isotopic composition of 
deeper water from the main aquifer of the study area suggests recharge under current climatic 
conditions with the prevailing southwest monsoon originating from the Bay of Bengal in the 
south and moving to the north (toward the eastern Himalayas) and west-northwest (toward north-
central India), indicating a continental effect caused by precipitation with a Rayleigh-type 
distillation. Effects of evaporation are observable in the recharged water. The depletion gradient 
determined in the present study is more than any previous values documented from India. 
Depletion or enrichment with depth, as proposed by some previous workers, was not observed. 
Comparison with previous studies suggests that the isotopic compositions of the deeper and 
shallower parts of the main aquifer are similar, and inferences about groundwater mixing from 
various depths cannot be drawn based exclusively upon stable isotopic data at the regional scale. 
Moreover, the lack of prominent differences between the isolated and main aquifer samples 
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makes it impossible to distinguish between the climatic regimes during which they were 
recharged. The sample from the active delta front indicates seawater or brackish water intrusion, 
while those from locations near the north-central part of the study area and from Calcutta 
indicate recharge influenced by the River Ganges-Bhagirathi-Hoogly. The snow-fed Ganges-
Bhagirathi-Hoogly river samples are distinctly more depleted than those of the other major rivers 
of the area (Jalangi and Ichamati), which are affected by evaporation, surface runoff and tidal 
influences.   
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Figure 4.1: Map of the study area showing the sampling locations for groundwater, river 
water and rainwater. 
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Figure 4.2: Composite δ18O−δ2H bivariate plot showing the findings of previous workers 
in Bengal basin. 1: Aggarwal et al. (2000); 2: Stüben et al. (2003); 3: Shivanna et al. 
(1999). Note that the values from Shivanna et al. (1999) are only the maximum and 
minimum ranges; detailed values were not available. SP denotes South 24 Parganas. 
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Figure 4.3: Map of the study area showing (a) contour plot of mean annual rainfall (in 
mm). The + symbol indicates the location of the monitoring stations whose data were used 
for drawing the contours. Maximum data range: 1821 to 2005, although most of the 
stations have data ranging from 1901−1970. The arrows show the approximate direction 
of movement of the southwest monsoon wind from the Bay of Bengal; (b) contours of 
average daily summer air temperature (in oC) redrawn after CGWB (1994e). 
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Figure 4.4: Simplified hydrostratigraphic diagram of the study area (not to scale) showing 
the different type of aquifers discussed in this article (see Chapter 2 for details). Note that 
no data were available for the part of the study area in Maldah and below 300 m from 
mean sea level, so those areas have been marked as undefined (U). 
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Figure 4.5: Double-axis plot of monthly rainfall (in mm) and air temperature (in oC) for 
Calcutta in 2004. The bars indicate the maximum and minimum rainfall in each month 
between 1821 and 2005 (based on GHCN v. 2). The higher values of rain from June to 
October indicate the monsoon in 2004. The δ18O compositions of the six samples 
collected from Calcutta during the 2004 and 2005 monsoons are also plotted. 
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Figure 4.6: δ18O−δ2H bivariate plot of the rainwater samples collected during the present 
study. The linear regression fit for these data indicates the local meteoric water line 
(LMWL) for the study area. The global meteoric water line (GMWL) of Craig (1961) and 
the expected isotope composition of the Bay of Bengal (0, 0) are also plotted for 
reference. 
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Figure 4.7: δ18O−δ2H bivariate plot of deeper groundwater and river water from the study 
area. The groundwater samples have been grouped by (a) aquifer types (main and 
isolated) and (b) statistical groups (1, 2 and 3, see Table 4.1). The LMWL represents the 
linear fit line defined in figure 4.6. The dashed line represents the linear fit of all the 
groundwater samples. The location no. 64 represents the marine influence on the 
groundwater in the southern part of the study area. The expected value of the isotopic 
composition of the Bay of Bengal (0, 0) is also plotted for reference. 
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Figure 4.8: Bivariate plots of latitudinal locations and δ18O. The solid lines represent the 
trend lines obtained from linear regression fit of the data. The location no. 64 represents 
the marine influence on the groundwater in the southern part of the study area. The 
expected value of the isotopic composition of the Bay of Bengal (0, 0) is also plotted for 
reference.    
 
 
Figure 4.9: Plot of δ18O of the rainwater samples along latitude. 
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Figure 4.10: δ18O composition of river water and groundwater plotted versus latitude. The 
groundwater data have been grouped based on proximity to the rivers (a) Ganges-
Bhagirathi-Hoogly, (b) Jalangi, and (c) Ichamati. The solid line represents the trend-line 
obtained from the linear regression fit of the data. The approximate latitude and δ18O 
value of the Bay of Bengal (21.4oΝ, 0) are also plotted for reference. 
(c) 
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Figure 4.11: Map of the distribution of the groundwater data points classified on the basis 
of the statistical (HCA) groups 1, 2 and 3. 
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Figure 4.12: Depth profile of the δ18O of groundwater samples in the study area classified 
based on aquifer type and statistical groups. The location no. 64 represents the marine 
influence on the groundwater in the southern part of the study area. 
 
 138
 Chapter 5: Deeper groundwater chemistry and geochemical modeling 
 
5.1 Introduction and background 
 This chapter documents the first detailed characterization and geochemical modeling of 
the deeper water chemistry of the study area in the western Bengal basin (Figure 5.1).  
 
5.1.1 Hydrostratigraphic framework: The hydrostratigraphic characterization of the study area 
(up to a depth of 300 m below mean sea level [MSL]) has resulted in delineation of two major 
types of aquifers (Figure 5.2) (see Chapter 2). The first is a continuous, semiconfined sand 
aquifer (termed henceforth as the main aquifer) underlain by a thick clay aquitard. This main 
aquifer or Golden Bengal aquifer (as proposed in Chapter 2), deepens from a maximum of ~ 50-
80 m below ground level [bgl] in the north to ~180 to >200 m bgl in the south. In the southern 
half of the study area, discontinuous clay layers locally divide the near-surface aquifer to form 
several deeper, confined aquifers. Second, in some localities there are several smaller, isolated 
aquifers present at greater depths (~200-300 m) containing groundwater with considerably 
different chemistry from the main aquifer (termed henceforth as isolated aquifers). For this 
study, the term “deeper” is used to connote either the deeper portions of the main aquifer or the 
isolated aquifers, and the absolute depth varies spatially depending on the local 
hydrostratigraphy. There are also some deep parts of the main aquifer that are partially isolated 
and have chemical characters between those of the upper main and the isolated aquifers. A study-
area wide aquitard has been observed at a depth of ~300 m MSL (which also forms the base of 
the hydrostratigraphic model [Figure 5.2]).  
 
5.1.2 Controls on hydrogeochemistry of the Bengal basin: Galy and France-Lanord (1999) 
concluded that the water chemistry of the Ganges-Brahmaputra drainage system is controlled by 
the presence of carbonates, the composition of silicates and the oxidation of sulfides, and, despite 
heavy monsoonal rainfall, chemical weathering is limited in the Ganges flood plains and lower 
elevations than in the Himalayas. The authors suggested that weathering in the basins is 
dominated by H2CO3 liberated by degradation of organic matter in the soil, with an estimated 6-
9% of the weathering of the Ganges caused by H2SO4 action derived from the oxidation of 
sulfides. About 60% of the Gangetic clay has been inferred to be smectite + kaolinite (Galy and 
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 France-Lanord, 1999). Dowling et al. (2003) suggested that Ganges-Brahmaputra floodplains 
have been dominated by carbonate weathering, according to the following generalized reaction:  
carbonates + H+ ? cations (Ca2+ or Mg2+) + HCO3-. 
However, some authors have argued that the development of the foreland basin, in front of the 
Himalayas (Burbank, 1992), has resulted in deposition of silt-dominated sediments in the 
Ganges-Brahmaputra flood plain, favoring silicate weathering (Derry and France-Lanord, 1996; 
Galy and France-Lanord, 1999). Following Appelo and Postma (1994) and Faure (1998), this can 
be generalized as: 
feldspars (orthoclase and plagioclase) + CO2 + H2O ? clay minerals (e.g., kaolinite) + cations 
(Na+ or K+) + HCO3- + SiO2;  
mica/pyroxene + CO2 + O2 + H2O ? clay minerals (e.g. kaolinite)  + Fe-hydroxides + cations 
(Ca2+, K+ or Mg2+) + HCO3- + SiO2. 
Hence, Na+ and K+ may enter the Bengal basin groundwater from incongruent dissolution of 
feldspars, micas and pyroxenes, whereas Ca2+ and Mg2+ can be derived both from silicate and 
carbonate weathering. Other than carbonate and silicate weathering, HCO3- in groundwater can 
originate from the vadose zone or biogenic CO2 gas dissolution (Garrels, 1967).  
 
Galy and France-Lanord (1999) suggested that Na+ and K+ are the dominant cations 
released by the weathering of the alkaline Himalayan silicates because of lower abundance of 
Ca-plagioclase in the Himalayas. Mg2+ may be introduced from weathering of biotite, and to a 
lesser extent from pyroxenes, chlorites and garnets (Galy and France-Lanord, 1999), to form 
hydrobiotite, vermiculite or smectite, which are found in the Himalaya-derived sediments 
(Baumler and Zech, 1994; Grout, 1995). Thus Ca2+ in the Bengal basin groundwater will most 
probably be introduced from carbonate dissolution, while Mg2+ will probably have mixed 
contributions. 
 
It should also be noted that the sediments in the study area may not have been derived 
solely from the Himalayas. Alam et al. (2003) suggested that during different stages of the 
development of the Bengal basin, sediments were derived from two major depocenters: the 
Himalayas in the north and cratonic India in the west.  Hence mineralogy and sediment 
chemistry of the western Bengal basin may have been influenced by erosion of the Precambrian 
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 gneiss, schist and Chotonagpur basalts from the Indian craton by the west-bank tributary systems 
of the River Bhagirathi-Hoogly (e.g. River Damodar). This contribution would be more subdued 
moving toward the central part of the basin in Bangladesh.   
 
Most of the recent studies of groundwater chemistry in the Bengal basin have strongly 
advocated that the redox processes in the aquifer at various depths are largely controlled by 
FeOOH reduction as an effect of microbially mediated oxidation of natural organic matter 
(Bhattacharya et al., 1997; Nickson et al., 1998, 2000; McArthur et al., 2001, 2004; Harvey et al., 
2002, 2005; Zheng et al., 2004), which may occur as dissolved organic carbon or peat layers 
(McArthur et al., 2001; 2004, Ravenscroft et al., 2001, 2005) leading to production of high 
concentrations of HCO3-. The groundwater has been found to be anoxic (Harvey et al., 2002; 
Swartz et al., 2004, Mehta and Bhattacharya, c. 2000), with frequent presence of sulfide and CH4 
(e.g. Ahmed et al., 1998; Gavrieli et al., 2000; Nickson et al., 2000; McArthur et al., 2001, 2004) 
and very little dissolved O2. 
  
5.2 Methodology 
5.2.1 Sampling and field analyses: Fifty-three deep groundwater and seven river-water samples 
(three from the River Bhagirathi-Hoogly and two each from the River Jalangi and River 
Ichamati) were collected from the study area (Table 5.1, Figure 5.1) during the summers (May to 
early July) of 2004 and 2005. The groundwater samples were located approximately along the 
original (pre-1970s) regional groundwater flow path (see Chapter 3). The sample locations were 
recorded by a hand-held GPS unit using a spherical coordinate system of latitude and longitude 
(datum WGS84). The groundwater samples were collected from single-strainer, public supply 
wells installed and maintained by the Public Health Engineering Directorate (PHED), 
Government of West Bengal. Water is withdrawn from these wells by 15-20 h.p. electric motors 
coupled with a turbine or submersible pumps with general yield of 50 to 200 m3/hr. They are 
generally pumped daily for 6 hours in two or three shifts. Well completion data were obtained 
from PHED archives and a local driller (B.M. Engineering, KrishnaNagar, Nadia). Generally, the 
tapped depth deepens from the north (Murshidabad) toward the south and east. Among the 53 
groundwater samples, 47 samples have been collected from the main aquifer and four from 
isolated aquifers. The remaining two sampled wells are screened below the regional basal 
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 aquitard, so their hydrostratigraphic position is uncertain. They are termed as >300 m. For 
hydrochemical discussion, the isolated aquifer samples and the >300-m samples are grouped 
together as “isolated”, because both of these types of samples are hydrostratigraphically 
separated from the main aquifer. 
 
The groundwater samples were collected according to standard methods (Wood, 1981). 
An in-line flow cell was fitted with an Orion® pH electrode (model no. 8165BN), platinum 
redox electrode (model no. 9678BN) and temperature probe (model no. 917005) such that the 
outflowing water had minimal contact with the atmosphere. Specific conductance (EC) was also 
measured simultaneously by an Orion® conductivity meter (model no. 130). Before sampling at 
each location, the pH electrode was calibrated using standard pH 4, 7 and 10 buffer solutions 
(Wood, 1981) and the redox electrode was referenced to ZoBell’s solution (ZoBell, 1946). 
Before sample collection, the wells were extensively purged (40 minutes to more than an hour) 
in order to obtain stable EH, pH and temperature (T) values, which were considered to be 
representative of in-situ conditions. After the starting of the pump, EH and pH were recorded 
every 10 minutes, whereas T and EC were noted every 5 minutes until stabilization (EC was not 
measured for some 2005 samples due to instrument malfunction). Groundwater samples were 
collected through high capacity in-line 0.45-μm filters after purging. Redox-sensitive parameters 
were measured by CHEMets® (Chemetrics, Calverton, VA, USA) medium-to-low range field 
kits: NO3-N (Cd reduction/azo dye formation method [APHA, 1995a]), NO2--N (azo dye 
formation method [APHA, 1995b]), NH4+-N (nesslerization method [APHA, 1992]), total Fe and 
Fe(II) (1.10-phenanthroline method [Tetlow and Wilson, 1958]) and S2- (only 2005) (methylene 
blue method [EPA, 1979; APHA, 1995c]). Sulfide was also qualitatively determined by odor and 
taste (both years) (Ross et al., 1999; Varner et al., 2004). Dissolved oxygen (O2) samples were 
collected in 300-mL biological oxygen demand (BOD) bottles (Wheaton) and were measured 
immediately with a Orion® electrode (model no. 970899). Samples for cations (except NH4+) 
were collected in separate 125-mL white high-density polyethylene (HDPE) bottles and were 
acidified in the field with 1.5 mL 6N HNO3 to buffer the sample to pH ~ 2. Samples for As(III) 
were collected in amber HDPE bottles after adding 1 mL of  0.250 M EDTA to ~30 mL sample 
and subsequently  extracted through a disposable Supelco® (Supelco/Sigma-Aldrich, Bellefonte, 
PA, USA) anion-exchange resin cartridge (model LC-SAX). EDTA was added to preserve the 
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 As species distribution by chelating metal cations, buffering the sample pH, and reducing 
microbial activity (Gallagher et al., 2001; Bednar et al., 2002). Samples for analyses of N species 
(NH4+, NO3+ and NO3-) and other anions were collected in separate 125-mL white HDPE bottles. 
Nitrogen species were preserved by adding 1.5 mL CHCl3 in the field (Böttcher et al., 1990).  
Dissolved organic carbon (DOC) samples were collected in 40-mL amber glass vials with solid 
caps to which 1.5 mL of 50% H2SO4 were added in order to eliminate inorganic carbon. CH4 
samples were collected without air bubbles in separate 40-mL amber glass vials with septa to 
exclude headspace. Carbon-13 samples were collected in solid-capped 40-mL amber glass vials 
poisoned in the field with five drops of HgCl2. Samples for sulfur-34 were collected in 1-L 
HDPE bottles to which ~15 g of BaCl2 were added in order to precipitate BaSO4. The samples 
were allowed to sit overnight and the supernatant was siphoned off, after which the precipitates 
were transferred and stored in 125-mL white HDPE bottles. Samples for alkalinity were 
collected in BOD bottles without headspace and analyzed within 2 days by a digital titrator 
(Hach Company, Loveland, CO, USA) and magnetic stirrer by titrating a 100-mL sample with 
1.600 N H2SO4 to pH < 4.5 (Wood, 1981). The titration data were used to obtain HCO3- and CO2 
concentrations via the U.S. Geological Survey (USGS) alkalinity calculator 
(http://or.water.usgs.gov/alk). 
 
River-water samples were generally collected in the same fashion as groundwater 
samples. However, EH, pH, and T were not measured in a flow cell, and samples were collected 
using a hand-filtration unit. Analyses were limited to major and minor solutes.  
 
5.2.2 Laboratory analyses: The samples (except for 13C and 34S) were analyzed in the 
laboratories of the University of Kentucky (UK). Analyses of cations and anions were done in 
the Environmental Research and Teaching Laboratory at UK (ERTL). Total As and As(III) were 
measured using an atomic absorption spectrophotometer with a graphite furnace (Varian AAS 
880 with Zeeman GF). Other major cations (except NH4+) and trace metals were measured by 
multi-element scans using an inductively coupled plasma-optical emission spectrometer 
(VarianVista Pro ICP-OES). Accuracy of analyses was assessed by method blanks, laboratory 
controlled standards and spiked samples, and precision was determined by duplicate and 
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 triplicate analyses. For 2005 samples, Y was used as an internal standard to account for 
instrumental error. The precision of analyses was generally better than 5%.  
 
Anions (preserved and unpreserved) and N species were measured at ERTL using an ion 
chromatograph (IC) (Dionex ICS-2500) with AS18 column for 2004 samples and by an IC 
(Dionex ICS-2000) and an autoanalyzer (Bran-Luebbe AAIII) (for N species) for 2005 samples 
at the UK Department of Forestry. The error was generally <6 % for the IC and <3% for the 
autoanalyzer. The CH4 samples were analyzed using a gas chromatograph with flame ionization 
detector (Shimadzu GC-14A with Chromatopac C-R5A) at the UK Department of Agronomy. 
DOC was measured using a Phoenix 8000 UV-Persulfate TOC Analyzer at the Kentucky 
Geological Survey. Stable isotope analyses were performed at the Isotope Geochemistry 
Laboratory at the University of Arizona using a continuous-flow isotope-ratio mass spectrometer 
(IRMS) (ThermoQuest Finnigan DeltaPlusXL). Before analyses of 34S, the BaSO4 precipitates of 
the samples were filtered with a vacuum filter. Only samples with sufficient precipitate (~ 2 mg) 
were able to be analyzed. The IRMS was standardized against international standards OGS-1 and 
NBS123 as well as several other sulfide and sulfate materials. Precision (1σ) of the analyses was 
± 0.15‰. Samples for 13C of dissolved inorganic carbon (DIC) were reacted for >1 hour with 
H3PO4 at room temperature in exetainer vials previously flushed with He gas. Standardization 
was done using NBS-19 and NBS-18, and precision (1σ) was ±0.25‰. 
 
5.2.3 Statistical analyses: Multivariate statistics (hierarchical cluster analyses [HCA] and 
principal component analyses [PCA]) were used to investigate relationships among the samples 
(Drever, 1997). Both HCA and PCA were performed on the concentrations of As(total), B, Ba, 
Ca, Fe(total), K, Mg, Mn, Na, NH4+, Sr, Cl-, SO42-, HCO3-, and CO3- for each location. Below-
detection-level (bdl) concentrations were replaced by bdl × 0.55 (Sanford et al., 1993). While 
cluster analyses were used to determine if the samples could be grouped into distinct 
hydrochemical populations, PCA was used to reduce the dimension of the data (Güler et al., 
2002) in order to understand relations among different chemical parameters. The multivariate 
statistical analyses were done on the original data set (without any weighting or standardization) 
following theories and methodologies stated in Davis (1986), Güler et al. (2002) and Dreher 
(2003), by importing the r×c data matrix (r samples with c variables) into the statistical software 
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 package SPSS version 14 (SPSS Inc., Chicago, IL). For best grouping in HCA, the dendogram 
was constructed by Ward’s method of linkage (Ward, 1963) with squared Euclidean distance 
(Güler et al., 2002). PCA was done without restricting the component numbers, but it was found 
that the first six components were able to account for 90% of the variance of all variables. The 
component axes were rotated using a varimax algorithm for simplified visualization.  
 
5.2.4 Geochemical modeling: Saturation indices (SI = log[IAP KT-1], where IAP is the ion 
activity product and KT is the equilibrium solubility constant of a phase at ambient temperature) 
were calculated for groundwater and river water samples using PHREEQC version 2.8 
(Parkhurst and Appelo, 1999) with thermodynamic values of phases from the MINTEQ database 
(Allison et al., 1990) except for CH4, for which the PHREEQC database was used. 
Concentrations of As and Fe were entered according to their redox states. The Fe(II)/Fe(III) 
couple was assigned for calculation of pe for groundwaters and O(-II)/O(0) was assigned for 
river waters. However, as the dissolved oxygen values of river waters were not measured, a value 
of O2 = 7 mg/L was assigned for all of the river locations. Natural surface waters generally have 
an O2 concentration of ~ 8 mg/L (Langmuir, 1997). SI > 0 (supersaturation) indicates 
precipitation of phases is thermodynamically favorable (although slow rates of reactions can 
inhibit precipitation), while SI <0 (undersaturation) suggests dissolution (Drever, 1997).   
 
Minimal reaction-path models (in inverse mode) were developed using PHREEQC for 
pairs of wells located along 60 possible flowpaths as predicted by a regional groundwater flow 
model with pumping at quasi-current (2001) rates (see Chapter 3). The mass-balance models 
were developed for reactions with and without mixing. However, because of a lack of 
thermodynamic constraints in the program algorithm, these models can lead to 
thermodynamically impossible results (Sracek et al., 2004b). The models were designed to 
evaluate the amounts of exchangeable cations (CaX2, KX, MgX2, and NaX, where X is an 
anion), carbonates (calcite, dolomite, siderite), other carbon phases (CO2, CH2O, CH4) and pyrite 
that could react along each flow path in order to explain the gross hydrochemistry of the western 
Bengal aquifers. Trace elements (e.g. As, Mn, and V) were not included in the mass balance 
calculations because of lack of information about the solid phases in which they reside. Halite 
was used as a proxy for mixing with connate seawater along flowpaths, as suspected from an 
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 increase in Cl- concentration in a down-gradient well relative to the up-gradient well. The other 
models were balanced on Cl- concentrations (assuming Cl- as a conservative solute). The sea-
water composition from Nordstrom et al. (1979) was used for Bay of Bengal water in the mixing 
models.  
 
The inaccuracy in the choices of end-member waters and in analytical data is handled by 
PHREEQC by including uncertainty in the inverse modeling. Fryar et al. (2001) used up to 20% 
uncertainty for inverse modeling. A similar approach was undertaken and the uncertainty was 
initially set at 5% (the default value for PHREEQC) and was increased incrementally by 1% up 
to a maximum of 20%, until a model was obtained. Because of the possible existence of a large 
number of alumino-silicate mineral phases leading to numerous model solutions, silicate 
weathering was not directly included in the modeling; instead, Si was assumed to be 
conservative within the specified level of uncertainty.    
 
5.3 Groundwater quality  
5.3.1 Hydrochemical facies: Table 5.2 lists the results of field observations and analyses of all 
the groundwater and river water samples collected in this study.  Most previous studies of the 
Bengal basin have not distinguished between the regional settings of the aquifers (e.g. Dowling 
et al., 2002, 2003; Stüben et al., 2003, McArthur et al., 2004). The general description of Bengal 
basin groundwater is Ca2+-HCO3- dominated water with some Na+-Cl- waters, high As, Fe, and 
Mn, and very low or undetectable SO42- and NO3- (e.g. Ahmed et al., 1998; BGS/DPHE/MML, 
1999; Nickson et al., 1998, 2000; McArthur et al., 2001; Dowling et al., 2003). This general 
description can be further typified when the water chemistry is considered in a hydrostratigraphic 
context. Ca2+ and HCO3- are the predominant ions for most of the main aquifer waters (mean 
values Ca2+ 106.45 mg/L, HCO3- 457.24 mg/L, Na+ 58.76 mg/L, and Cl- 63.93 mg/L), while Na+ 
and Cl- are more common in the isolated aquifer waters (mean values Na+ 1132.07 mg/L, Cl- 
1619.58 mg/L, Ca2+ 33.92 mg/L, and HCO3- 573.36 mg/L) except Chaighari (location #6, see 
Table 5.1), which has HCO3- 1474 mg/L and Cl- 1620 mg/L. Some of the main aquifer wells 
deeper than ~ 200 m, such as Jumpukur (#13), Dalalpara (#19), Ghasiara (#23) and Kalikapore 
(#24), which are suspected to have semi-isolated conditions, have higher Na+ than Ca2+.  
 
 146
 The charge-balance computation shows that the main aquifer samples have higher error 
(below +10%, except #1 and #26) than the isolated aquifer samples (-3.22 to +0.65%, except 
#34). These errors are within the ranges of some of the previous studies in the Bengal basin (e.g. 
Aggarwal et al., 2000; Dowling et al., 2003; Stüben et al., 2003). The positive errors for the main 
aquifer indicate that there are more anions in the waters than have been accounted for. A possible 
explanation is that some of the Cl- has co-precipitated with Fe (oxidized to Fe(III) during 
sampling) in the anion samples (D. Chakraborty, Jadavpur University, Calcutta, personal 
communication, 2003). No reason was found for the higher errors for #1 and #26, which were 
confirmed even after running duplicate analyses of the samples in different laboratories. 
However, it should be noted that #1 and #26 were the first samples collected for 2004 and 2005, 
respectively, which may indicate a sluggish response of the pH electrode during alkalinity 
titrations. 
 
A Piper plot (Piper, 1944) (Figure 5.3) suggests that deeper groundwater in the western 
Bengal basin can be broadly divided into seven hydrochemical facies (following Morgan and 
Winner, 1962, and Back, 1966): 1) Ca2+-HCO3-; 2) Ca2+-Na+-HCO3-; 3) Na+-Ca2+-HCO3-; 4) 
Ca2+-Na+-HCO3--Cl-; 5) Na+-Cl--HCO3-; 6) Na+-Cl-; and 7) Ca2+-Cl-. Thirty-eight of the 47 main 
aquifer samples and the river water samples (except the tidally influenced Ichamati [RW #7]) fall 
in facies 1, while the isolated aquifer samples are divided into facies 5 and 6. The plot also 
illustrates that when the locations are grouped by districts (which is similar to grouping 
according to distance from the Bay of Bengal because of the north-south orientation of the study 
area), all of the main aquifer samples from Murshidabad (n = 12) and 14 of 16 Nadia samples 
belong to facies 1. A Piper plot of shallow groundwaters from the Behrampur area of 
Murshidabad constructed by Stüben et al. (2003) agrees with this observation. For 24 Parganas 
(North and South combined), only 12 of 19 samples belong to facies 1, indicating the presence of 
chemically distinctive water bodies nearer to the Bay of Bengal. The presence of these brackish 
waters can be attributed to cation exchange and/or mixing with more saline water bodies; their 
evolution is discussed in more detail in the geochemical modeling section (5.7). Sikdar et al. 
(2001) and Chatterjee et al. (2004) identified hydrochemical facies similar to our samples for 
North and South 24 Parganas in and around Calcutta. 
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 The hierarchical cluster analysis (HCA) of the groundwater data by locations illustrates 
the presence of three distinct clusters. All of the main aquifer samples aggregate within Group 1, 
while Group 2 contains the isolated aquifer (<300-m) samples and Group 3 contains >300-m 
samples (Table 5.1). The plot of the HCA groups corresponding to the 1st (PC1, 36.46% of total 
variance, Table 5.3) and 2nd (PC2, 20.41% of total variance) principal component axes (Figure 
5.4) illustrates this finding in more detail. All the main aquifer locations except Kalikapore (#24) 
have much lower PC1 values than the other two groups. The isolated aquifers (<300-m) except 
Chaighari (#6) have higher PC2 than the >300-m wells. While Kalikapore (#24) has PC2 values 
similar to isolated aquifer wells, Chaighari (#6) is distinct from all other wells in terms of its PC1 
composition. HCA by chemical constituents does not show any prominent clustering, although 
Stüben et al. (2003) and Sracek et al. (2004a) observed such clusters in their local-scale study 
areas.  
 
5.3.2 Processes controlling major solute distributions in groundwater: Minerals that have 
been documented by previous authors from Bengal basin sediments are listed in Table 5.4. A Na-
normalized Ca versus HCO3- plot (Figure 5.5a, following Gaillardet et al., 1999) shows that the 
main aquifer samples range from being influenced by silicate weathering to carbonate 
dissolution. The molar Ca/Na ratio for average crustal continental source rock is 0.6 (Taylor and 
McLennan, 1985). The other wells show mixed contributions of both silicate and carbonate 
reactions. A Ca versus Mg bivariate plot (not shown) shows a somewhat linear relationship for 
the main aquifer (r2 = 0.38) and more so for the isolated aquifers (r2 = 0.69). The same plot 
normalized by Na (Figure 5.5b) shows some samples in the range of silicate weathering, 
indicating that although most of the Mg may have been derived from carbonate dissolution, some 
has a silicate source. A bivariate plot (Figure 5.5c) of Ca+Mg versus HCO3- shows some scatter. 
Dowling et al. (2003) noted that average (Ca+Mg)/HCO3- is ~0.9 for their study area, with 
depths of 10 to 400 m. However, the results from the present study have an average value of only 
0.53 for the main aquifer. Stallard and Edmond (1983, 1987) suggested that a molar ratio of (Na 
+ K)/Cl > 1 may indicate silicate weathering. Only four of the 47 main aquifer samples of this 
study have (Na+K)/Cl < 1. Dowling et al. (2003) also showed that Sr was correlated well with 
HCO3- and inversely related to (Na+K)excess (= [Na+K]-Cl). For the main aquifer samples for the 
present study, a Sr versus HCO3- plot (not shown) yielded r2 = 0.02, and no relation is apparent 
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 between (Na+K)excess and Sr, although a Na- normalized Ca versus Sr plot yielded r2 = 0.77 and 
0.95 for main and isolated aquifers, respectively. Although Sr and Ca have probably been 
contributed by carbonate dissolution, not all HCO3- has originated from carbonate dissolution, 
and it is not the predominant chemical reaction influencing deeper groundwater in the western 
Bengal basin, as suggested by Dowling et al. (2003) for Bangladesh.  
 
Al3+ tends to be conserved in the solid phase (Freeze and Cherry, 1979). Because of its 
low solubility and tendency to occur as a colloidal hydroxide (Stumm and Morgan, 1996), 
measured Al concentrations are viewed as semi-quantitative and are not reported and discussed 
here. Stability diagrams (Figure 5.6) illustrate the relationship between feldspars, mica 
(muscovite) and clay minerals. The diagrams were generated assuming end-member 
compositions using the equilibrium relationships of Tardy (1971) and Drever (1997) for standard 
temperature (25 oC) and pressure (1 atm) and by plotting log ([Ca2+]/[H+]2) or log ([Na2+]/[H+]), 
log ([K2+]/[H+]), versus log [H4SiO40], where [ ] denotes solute activity calculated by PHREEQC 
using the MINTEQ database. The plots indicate that the groundwater of the study area is in 
equilibrium with kaolinite, with some samples close to Na-smectite and muscovite, and feldspars 
(anorthite, albite and orthoclase) are unstable, suggesting weathering. These observations match 
very well with the observed mineralogy of the Bengal basin. The plots show that most of the 
samples are close to equilibrium with quartz than with amorphous silica, discussed in section 5.7. 
This observation agrees well with Hem (1992), who mentioned that natural waters are typically 
supersaturated with respect to quartz but undersaturated with respect to amorphous silica. 
   
Some interesting patterns are notable when pH, Ca+Mg, Na+K and Si are plotted against 
depth and along distance from the Bay of Bengal (latitude) (Figures 5.7 and 5.8). The values of 
pH are circumneutral, but at depths >200 m, the waters become more alkaline. The concentration 
of Ca+Mg decreases with increasing depth and with nearness to the sea. Na+K is higher in the 
deeper wells (generally more than 200 m bgl) and the isolated aquifer wells than the shallower 
and northern wells. Ahmed et al. (2004) mentioned without any elaboration that Ca, Mg, Na and 
K vary significantly with depth and region in Bangladesh. Si increases to a depth of ~150 m, 
when it starts to scatter and decrease. Si increases toward the south and then starts decreasing, 
probably as a function of depth. The isolated aquifer wells have relatively low Si concentrations.  
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The decrease of Ca+Mg in comparison to Na+K along the regional hydraulic gradient in 
the North and South 24 Parganas suggests cation exchange according to the following general 
reaction (after Schwartz and Zhang, 2002): 
bivalent cation (Ca2+ or Mg2+) + Na-clay ? Na+ + Bivalent cation (Ca2+ and/or Mg2+)-clay. 
A (Na+K)/Cl versus Si bivariate plot (Figure 5.5d) suggests that (Na+K)/Cl increases as Si 
becomes more than ~500 μmole/L, suggesting some threshold value as an indicator of significant 
silicate weathering. The Cl- ratio helps to normalize the samples affected by saltwater intrusion 
or mixing with connate water. HCO3- does not vary regionally either with distance (Figure 5.8c) 
or depth in the main aquifer, indicating that the processes consuming and liberating the anion are 
approximately in overall equilibrium. 
 
The brackish groundwaters encountered in the isolated aquifers and some deeper portions 
of the main aquifer (e.g. locations #16, #23, #24, #38) differ considerably from those in the main 
aquifer, suggesting different pathways of chemical evolution. Brackish water (e.g. #40, #53) in 
the main aquifer in the southernmost part of the study area probably results from mixing with 
intruded seawater in this region, as documented by CGWB (1994d, e). A plot of Cl-normalized 
Br- concentrations (Figure 5.9) following Whittemore (2004) shows a definite trend of mixing of 
fresh groundwater with water with present-day seawater composition. 
 
The existence of brackish water and brines in sedimentary basins can be caused by a) 
dissolution of evaporites, b) retention of formation waters buried with the sediments and c) 
membrane filtration (Schwartz and Zhang, 2002). Fresh groundwater becoming more saline with 
flow downdip from the recharge area has been documented in the Williston Basin, USA 
(Downey, 1984; Butler, 1984), the Dakota Sandstone in South Dakota, USA (Peter, 1984), and 
the Milk River aquifer in the USA and Canada (Hendry et al., 1991). Ranganathan and Hanor 
(1987) showed that diffusion can cause salinization of fresh water overlying formational brines 
at depth. In the present study area, some parts of the deeper main aquifer are relatively fresh in 
contrast to adjoining areas with higher Cl- concentrations (e.g. location #39). This fresh water 
“nose” (Schwartz and Zhang, 2002), reflecting insufficient mixing and flushing, is similar to that 
seen in Ohio, USA (Lahm et al., 1998). 
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The isolated aquifers probably contain formation water trapped within lower permeability 
sediments and may be similar to modified-connate water pockets reported from South 24 
Parganas (Handa, 1972; Sikdar et al., 2001) and several places in Bangladesh (Ahmed, 1994; 
Bhattacharya et al., 2002). This is consistent with the isolated aquifers falling close to the 
evaporite range in the Ca/Na versus HCO3-/Na plot (Figure 5.5a; note that three isolated samples 
are not shown in the plot because of very low values [Ca/Na < 0.01]). The depth of these isolated 
aquifers generally increases toward the south, probably in congruence with the delta-building 
process and recession of the proto-Bay of Bengal. The marine origin is further supported by the 
fact that, except for Chaighari (#6), the isolated aquifer wells are dominated by Na+ and Cl-. 
Moreover, they contain lower concentrations of Si and much higher B (Si mean [except #34, 
which has a relatively higher concentration]: 8.12 mg/L, B mean: 3.14 mg/L) than the main 
aquifer wells (Si: 16.21 mg/L; B: 0.10 mg/L). Seawater contains 0.02 to 4 mg/L Si and 4.5 mg/L 
B on average (Mance et al., 1988). Nordstrom et al. (1979) documented a Si value of 4.28 mg/L 
for seawater.  
 
Formation waters can be modified by meteoric diagenesis prior to burial. Land and 
Prezbindowski (1981) showed that connate water of the Edwards Formation (Texas, USA) was 
altered by mixing with several pore volumes of meteoric recharge. This might explain the 
similarity between δ18O of the main aquifer waters of this study (~ -3 to -6‰ VSMOW) and that 
of isolated aquifer waters and restricted main aquifer waters (~ -3 to -5‰) (see Chapter 4). 
Alternatively, as suggested by Sikdar et al. (2001), there may still be some mixing between the 
main aquifer and isolated aquifers through higher permeability “windows” within the confining 
beds. 
 
The Na+-Cl--HCO3- type water at Chaighari (#6) is distinct from any other well sampled 
in the study area. Schwartz and Zhang (2002) noted Na+-HCO3-  type water can evolve along 
with relatively high F- concentrations as a result of continuous availability of CO2 in the system. 
The major source of CO2 in deeper aquifers may be bacterially-mediated oxidation of organic 
matter (Chapelle, 1993). Exchange of Ca 2+ in the evolving water for Na+ on marine-originated 
clays in the aquifer can also enhance carbonate dissolution and introduction of more Na+ and 
 151
 HCO3- into solution (Plummer et al., 1994). A combination of these processes has produced 
sodium-bicarbonate water in the Atlantic Coastal Plain, USA (Foster, 1950), Eocene aquifers of 
the east Texas basin, USA (Fogg and Kreitler, 1982), and the Milk River aquifer, USA and 
Canada (Hendry and Schwartz, 1990). Interestingly, Chaighari has the highest F- and B 
concentrations in the study area (F- of Chaighari is ~10 times of the mean of all other wells [0.14 
mg/L] and B is ~3 times the mean of other isolated aquifers).  
 
5.4 Redox conditions in groundwater 
5.4.1 Results: Sampling of existing public supply wells can result in aeration of water through 
the pump-head or plumbing (Parkhurst et al., 1996; Nickson et al., 2000). McArthur et al. (2004) 
did not tabulate O2 data from their study site in North 24 Parganas because they suspected 
sample aeration. It is possible that samples in this present study were aerated during collection. 
Notwithstanding these concerns, samples in the present study had very little O2, with a mean of 
1.04 mg/L. Only six of 53 samples had O2 of more than 1.5 mg/L, and 17 samples had 1 to 1.5 
mg/L. The EH measurements by platinum electrodes fell mostly in a range of +15 mV to +120 
mV with a mean of +80.8 mV. A few samples had much higher (n = 5, maximum +311.4 mV) or 
lower (n = 4, minimum -40.2 mV) values. The general range also agrees with observations of 
Swartz et al. (2004) of +20 to +100 mV. Excluding the two isolated aquifer wells in Nadia 
(locations #14 and #34), in general the deeper wells have lower EH along with higher pH values.  
 
Consistent with the low O2 and EH values, only two samples had NO3--N greater than the 
detection level (DL) of 0.12 mg/L. NO2- and PO43- were not detected at any location (DL: 0.1 
and 0.12 mg/L, respectively). NH4+ was detected at 36 locations (mean: 0.36 mg/L, maximum: 
1.59 mg/L). SO42- was detected in a number of wells in both the main and isolated aquifers, 
mostly in the northern part of the study area, with a mean of 7.1 mg/L and maximum of 39.6 
mg/L. H2S was not detected either by smell or taste in any sample (DL: 0.05 to 0.5 mg/L [Ross et 
al., 1999; Varner et al., 2004]) or by CHEMets in 2005 samples (DL: 0.05 mg/L). CH4 
concentrations were greater than room-air concentration (measured during analyses: ~250 μM) 
in 15 samples; 13 of these 15 samples had concentrations more than 1000 μM. The maximum 
was 68 × 103 μM at Iswarchandrapur (#34), followed by 32 × 103 μM at Hanspukuria (#14). It 
should be noted that due to the volatility of CH4, and relatively long lead time between sampling 
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 and analyses due to travel and shipping, these reported values might underestimate actual 
concentrations. Fe(II) and As(III) were the predominant Fe and As species in all sampled waters 
with detectable concentrations. Dissolved Fe(II) was almost indistinguishable from total 
dissolved Fe (Fe[II]/Fe mean: 97%), while As(III) averaged 72% of the total dissolved As 
measured from locations with concentrations above detection level (0.005 mg/L).  
 
5.4.2 Environment: Oxidation-reduction processes, as defined by the activities of aqueous redox 
couples, generally tend to segregate into discrete zones in the aquifer following a predictable 
pattern (Chapelle, 1993). Berner (1981) classified the redox environments of sedimentary 
aquifers as oxic and anoxic (postoxic, sulfidic, and methanic) (Parkhurst et al., 1996). The oxic 
system is defined by the presence of measurable O2. Parkhurst et al. (1996) used 1 mg/L as the 
arbitrary boundary between oxic and anoxic environments, while Chapelle et al. (1995) 
suggested 0.5 mg/L as the boundary. Systematic geochemical trends of redox zones depend on 
the nature of metabolic pathways of bacterial decomposition and the nature of organic matter 
(Martens and Goldhaber, 1978). Some trace elements (e.g. As, Cr) may change their redox state 
in the postoxic zone (Parkhurst et al., 1996). The redox zones can be demarcated by calculating 
the negative log of activity of electrons (pe) in aqueous solutions, where 
 
pe = 16.9EH at 25oC. 
The pe values of the various redox couples were calculated for the sample waters using 
PHREEQC with the MINTEQ thermodynamic database (Allison et al., 1990) for As, Fe, O and 
N species and the PHREEQC database (Parkhurst and Appelo, 1999) for C species. Following 
Parkhurst et al. (1996), a distribution plot of the observed platinum electrode potential (EH) to 
calculated EH of redox couples (computed from pe) shows that the waters from both the main and 
isolated aquifers (Figure 5.10) lie in the postoxic environment of Berner (1981), while the river 
waters exist near the oxic-postoxic boundary. The observed values cluster mostly in the data 
range of Fe(II)/Fe(III) with some values in the range of As(III)/As(V) and approaching sulfidic. 
This suggests that in the western Bengal basin, notwithstanding the presence of several redox-
sensitive couples, Fe(II)/Fe(III) is the dominant redox couple in deep groundwater. This 
observation agrees well with the finding of Barcelona et al. (1989) that average observed EH 
agreed with values calculated using the Fe(II)/Fe(III) couple in a suboxic system and suggestions 
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 of previous workers that Fe(III) reduction may be controlling the redox state of Bengal basin 
sediments (e.g. Bhattacharya et al., 1997; McArthur et al., 2004; Zheng et al., 2004). Sracek et al. 
(2004a) found that for Bangladesh water, EH values calculated using As(III)/As(V) were lower 
than field measurements and suggested that this may be attributed to dominance of another redox 
couple.  
  
Vanadium exists mostly in its oxidized state (V[V]) in hydrologic systems because of the 
low solubility of the reduced form (V[III]) (Parkhurst et al., 1996). V was detectable in all 
samples, with a mean of 0.09 mg/L. The highest V concentrations were detected in some of the 
deepest wells of the main aquifer (e.g. Kalikapore [#24]: 0.34 mg/L). V(V) is generally reduced 
to V(III) in the postoxic to sulfidic range at circumneutral pH, which suggests that deeper water 
of the western Bengal basin is not sufficiently reduced to immobilize V. 
 
5.4.3 Governing processes: Similar to other regional studies in the Bengal basin (e.g. Aggarwal 
et al., 2000; Dowling et al., 2002, 2003), this study is limited by the number of sample locations 
and may not be sufficient to understand the processes operating at the local scale (centimeters to 
meters vertically and tens to hundreds of meters laterally). However, in spite of these constraints, 
redox-sensitive parameters show broad patterns with depth and distance from the Bay of Bengal 
(Figures 5.11 and 5.12). A depth versus EH plot (Figure 5.11a) demonstrates a weak inverse 
relation (r2 = 0.28), with relatively lower values from >200 m depth. Similar spatial trends of EH 
and pH have been reported by Jackson and Peterson (1982). Mn, Fe (total and Fe[II]), As (total 
and As[III]), and SO42- generally decrease with depth, while CH4 and As(III)% seem to increase 
with depth (with some scatter). Similarly, when plotted against distance, Mn and SO42- are higher 
in the northern part of the study area and tend to decrease southward (SO42- outliers in South 24 
Parganas may have been caused by modern or unflushed paleo-seawater [evident from a Cl--
normalized SO42-  plot to account for marine influence]). Fe and As may decrease southward, but 
the trends are not very prominent. These observations indicate that the redox processes operating 
in the western Bengal basin are depth-dependent.  
 
5.4.3.1 Iron dissolution: Fe is ubiquitous in Bengal basin groundwater, and has been found to be 
correlatable with HCO3-. This correlation is suggested to have been caused by reductive 
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 dissolution of Fe (oxyhydr)oxides by oxidation of organic matter (e.g. Nickson et al., 1998, 
2000; McArthur et al., 2001; Ahmed et al., 2004). However, no such correlation was observed 
between Fe and HCO3- in samples of this study (r2 < 0.001 for main aquifer), probably because 
other processes besides organic matter oxidation (e.g. weathering) also produce HCO3-. Some of 
the samples have Fe concentrations correlatable with Mn (Figure 5.13a), but the other locations 
have wide scatter, suggesting that some but not all of the Fe and Mn dissolution is causally 
related with overlapping redox zones. Fe and Mn should be more concentrated in the shallower 
depths (Farmer and Lovell, 1986; Stumm and Morgan, 1996) in response to post-depositional 
diagenetic remobilization, with peak Fe concentrations at shallower depths than Mn (Anwar et 
al., 2002).  McArthur et al. (2004) noted that reduction of FeOOH is more dominant than 
reduction of Mn oxides toward the top and base of the aquifer at their study site. These 
observations do not hold well for samples in the present study, as Mn concentrations decrease 
strongly with depth.  
 
5.4.3.2 Sulfur cycling: The decrease of SO42- southward from Murshidabad indicates that 1) 
either the aquifer water becomes sulfidic as depth increases and results in deposition of 
authigenic sulfide or 2) the input of SO42- in deeper groundwater of Nadia and North 24 Parganas 
was originally low. Zheng et al. (2004) opined that the very low SO42-/Cl- ratios in their study 
area suggest SO42- reduction rather than low original SO42- concentrations. H2S was not detected 
in any of the samples in the present study and thus there is no direct proof of SO42- reduction. 
However, H2S has been reported from shallow groundwater from some locations of Murshidabad 
and South 24 Parganas of West Bengal (Mehta and Bhattacharya, c. 2000) and some areas in 
Bangladesh (Ahmed et al., 2004). It is possible that the high level of Fe(II) in most locations 
scavenged all of the reduced S species present in the water. High levels of authigenic sulfide 
deposition can take place even in a low-SO42- system with high organic carbon content 
(Neumann et al., 2005). Pyrite and other authigenic sulfides have been documented from 
sediments in various locations within the Bengal basin (e.g. Das et al., 1996; Chowdhury et al., 
1999; Chakraborti et al., 2001; Pal et al., 2002). McArthur et al. (2004) commented that 
diagenetic Fe sulfides in the sands of North 24 Parganas may have formed during the onset of 
anoxia as a result of SO42 -reduction in connate water.  
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 The δ34SSO4 elucidates the S redox cycling in more detail. Incomplete SO42- reduction 
causes 34S to be depleted in the precipitating pyrite and progressively enriched in the residual 
SO42-. Conversely, oxidation of this authigenic pyrite could introduce SO42- depleted in 34S 
(Faure, 1998). Hence, in a SO42--reducing system, the concentration of SO42- should be inversely 
related to δ34SSO4. Jacks et al. (1994) documented a δ34S composition of ~10 ‰ for the 
monsoonal rainwater. Groundwater in a closed system without mixing and having δ34SSO4 
composition >10 ‰ can thus be suspected to have undergone extensive reduction (Zheng et al., 
2004), while lower values may indicate oxidation. Results from this study show that δ34SSO4 
ranges from 5.7 to 45.8‰ VCDT, which suggests, given the predominance of monsoonal 
recharge (Stüben et al., 2003; see also Chapter 4), that both oxidation and reduction of sulfur 
have taken place. A plot of SO42-/Cl- versus δ34SSO4 (Figure 5.14) shows an inverse trend in 
agreement with SO42- reduction, but this trend bifurcates, which suggests that some of the SO42- 
might have gone through repeated phases of reduction and reoxidation, as hypothesized by 
Zheng et al. (2004).   
 
5.4.3.3 Carbon cycling: Zheng et al. (2004) showed that their few deeper groundwater samples 
from Araihazar in Bangladesh are generally low in HCO3- (<4000 μM), suggesting that this 
water is less evolved (McArthur et al., 2001). Zheng et al. (2004) also argued that deeper 
groundwater has relatively high O2 concentrations due to lack of oxygen demand or limited 
availability of labile organic matter. However, in the present study, HCO3- concentrations in the 
deeper water of the main aquifer were relatively uniform, with a mean of 457 mg/L (7131 μM). 
A distance-O2 plot (Figure 5.12f) qualitatively shows (relative to a concentration of 0.8 mg/L [50 
μM], between the threshold concentrations of Chapelle et al. [1995] and Parkhurst et al. [1996]) 
that the oxygen content may decrease southward (equivalent to increasing depth), suggesting the 
progressive consumption of oxygen along the flow path. Dissolved organic carbon (DOC) 
concentrations were low but detectable at most locations. Chatterjee et al. (2004) reported values 
of DOC up to 12.9 mg/L from the Baruipur area of South 24 Parganas (depth not specified). The 
mean DOC concentration of the main aquifer (0.92 mg/L) from this study was lower than that of 
the isolated aquifers (1.65 mg/L). The persistence of DOC can reflect limited microbial activity 
or the presence of relatively refractory organic matter (Chapelle, 1993). The chemical nature and 
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 source of the organic carbon can limit the amount of reductive bacterial activity (Beck et al., 
1974; Martens and Goldhaber, 1978).  
 
CH4 concentrations >250 μM (room-air concentration during sample analyses) indicate 
highly reducing conditions (Berner, 1981; Zheng et al., 2004). Very high CH4 concentrations 
(>2500 µM) were generally found in southern Nadia and North 24 Parganas. CH4 in Bengal 
basin groundwater has also been documented by Ahmed et al. (1998), Harvey et al. (2002), and 
McArthur et al. (2004). CH4 is a common product of decomposition of natural organic matter 
(NOM) in aquifer systems (Barker and Fritz, 1981; Coleman et al., 1988; Leuchs, 1988, 
Grossman et al., 1989; Simpkins and Parkin, 1993; Aravena et al., 1995b; Zhang et al., 1998) by 
pathways of acetate fermentation and CO2 reduction by H2 (Oremland, 1988). In the Bengal 
basin, possible sources of NOM include human wastes (Harvey et al., 2002, 2005; McArthur et 
al., 2004) and peat. Peat fragments in southern Bengal basin sediments are expected because of 
the geomorphic evolution of the delta (Umitsu, 1987, 1993; Islam and Tooley, 1999; Allison et 
al., 2003). Peat was formed as waterlogged back-channel deposits of the paleo-rivers in this area 
at about 5,000 years before present during late Quaternary sea-level change (Umitsu, 1993) when 
the erosional base levels of the paleo-rivers were much lower than present (Ravenscroft et al., 
2001). Peat fragments have been recovered from Calcutta (Barui and Chanda, 1992; A. 
Mukherjee, University of Kentucky, unpublished data), North and South 24 Parganas (Umitsu, 
1987, 1993; Banerjee and Sen, 1987; CGWB, 1994d; Pal et al., 2002; McArthur et al., 2004), 
and at various locations in Bangladesh (e.g. Reimann, 1993; Brammer, 1996; Ahmed et al., 
1998; Safiullah, 1998; BGS/DPHE/MML, 1999; Islam and Tooley, 1999; AAN, 2000; Ishiga et 
al., 2000; Tareq et al., 2003; Swartz et al., 2004). Elevated CH4 concentrations in the study area 
may be related to the existence of peat layers in the vicinity, although no peat was identified in 
the lithologic logs of the wells. However, CH4 concentrations >500 µM were also observed at 
shallower depths in several locations in Murshidabad and Nadia. The detection of CH4 and other 
reduced solutes in these wells probably cannot be explained by the presence of peat, as the 
author is not aware of any report of peat occurrence in these areas. Harvey et al. (2002) 
documented a similar situation in their study area in Munshiganj, Bangladesh, and commented 
that CH4 in the shallow waters was derived from the dissolved inorganic carbon (DIC) pool and 
was probably formed by carbonate reduction.  However, McArthur et al. (2004) argued that peat 
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 could have been missed during drilling. Methanogenesis at shallow depths (2-3 m below the 
water table) has been reported (≥ 400 µM) in the sandy aquifer of Rømø, Denmark and has been 
attributed primarily to CO2 reduction along with subordinate acetate fermentation, occurring 
predominantly in microenvironments with higher H2 concentrations (Hansen et al., 2001).  
 
Understanding the δ13C composition of dissolved inorganic carbon (DIC), which is 
mostly HCO3-, might give some insight to C cycling within the system. Zheng et al. (2004) 
commented that depleted values of δ13CDIC probably confirm that CO2 from oxidation of organic 
matter contributes a portion of DIC in Bengal basin groundwater. BGS/DPHE/MML (1999) 
recorded δ13CDIC up to +10‰, which is common for methanogenic CO2 (Whiticar, 1999; 
McArthur et al., 2001). McArthur et al. (2004) showed that the δ13CDIC content at two of three 
locations studied in North 24 Parganas becomes enriched with depth (range 0 to -10 ‰ VPDB). 
At one of these locations, peat fragments were identified in the aquifer, which may have 
supported methanogenesis. The location where an opposite trend was observed had a peat layer 
embedded in an overlying thick aquitard, which may have limited the CH4 mixing. McArthur et 
al. (2001) mentioned that at their study location in Bangladesh (Faridpur), δ13C became depleted 
with increasing Ca, suggesting the dissolution and equilibration of depleted calcite (0 to -6‰ 
[Quade et al., 1997; Singh et al., 1998]) or pedogenic carbonates (lower Himalayan carbonates: 
~-12 ‰ [Quade et al., 1997]) by enriched methanogenic CO2 (+5 to +10‰). The depleted DIC in 
groundwater can form from oxidation of CH4 (McArthur et al., 2001; Zheng et al., 2004).  
 
In the present study, the δ13CDIC in the shallower part of the main aquifer (~ -8 ‰ VPDB) 
is generally more depleted than the deeper part (~ 0‰ VPDB), but this trend has a number of 
outliers, suggesting that multiple processes are involved (Figure 5.15). No trend was observed 
between δ13CDIC and Ca or HCO3-. Enrichment of δ13CDIC with depth may take place as a result 
of lessened biological activity in the deeper part of the main aquifer; incomplete CO2 reduction 
to form highly 13C-depleted CH4, thereby progressively enriching the residual CO2 (consistent 
with Harvey et al. [2002] and the existence of higher concentration of CH4 at depth [Figure 
5.11i]); lessened dissolution of depleted carbonates at depth; and/or mixing with δ13C-enriched 
connate water (δ13CDIC ~ 0 ‰ for seawater). Alternatively, depleted DIC (at shallower depths as 
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 well as in some of the deep water) could have formed from some CH4 oxidation. Most of the 
wells appear to reflect one or more of these trends, but Chaighari (#6) was probably influenced 
more by organic matter oxidation, as evident from the most depleted δ13CDIC (-8.2‰ VPDB).  
 
5.4.4 Summary: The finding from this study that Fe(III) reduction is the dominant redox process 
in deeper groundwater of the western Bengal basin is consistent with other studies of 
groundwater in the Bengal basin. However, the co-existence of O2, NH4+, Fe(II), As(III), V, 
SO42-, and CH4 in various wells indicates that the aquifer volumes sampled by these wells are not 
in redox equilibrium. Similar partial equilibrium systems have been observed in other studies, 
e.g. Fe(III) reduction and methanogenesis (Berner, 1981), SO42--reduction and methanogenesis 
(Kuivila et al., 1989; Parkes et al., 1990), SO42- and Fe(III) reduction (Canfield et al., 1993; 
Wersin et al., 1993; Postma and Jakobsen, 1996), and Fe(III) reduction, SO42--reduction and 
methanogenesis (Jakobsen and Postma, 1999).  
 
5.5 Arsenic in deeper groundwater 
Elevated arsenic (>10 µg/L) has been observed in a majority of the deep groundwater 
samples from this study, with concentrations reaching > 137 µg/L. Arsenic concentrations in 
Bengal basin sediments are close to the average crustal concentration (Swartz et al., 2004). Most 
of the recent studies from the Bengal basin have hypothesized the release of sorbed As phases by 
reductive dissolution of FeOOH (e.g. Bhattacharya et al., 1997; Nickson et al., 2000; McArthur 
et al., 2001, 2004; Harvey et al., 2002, 2005; Dowling et al., 2002; Stüben et al., 2003), although 
some authors have also suggested As liberation by oxidation of As-enriched pyrite (e.g. Mallick 
et al., 1995; Das et al., 1996; Mandal et al., 1998). 
 
  Reductive dissolution and mobilization of As(III) can happen in less reducing 
environments (Seyler and Martin, 1989; Eary and Scramke, 1990; Kuhn and Sigg, 1993) or even 
oxidizing environments (Abdullah et al., 1995). Van Geen et al. (2004) showed that reductive 
dissolution of As can take place even in mildly oxic conditions. Anaerobic metal-reducing 
bacteria could play a catalytic role in mobilization of As from Bengal basin sediments (Islam et 
al., 2004). Such dissimilatory microbial reduction may be stimulated by addition of a substrate 
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 (van Geen et al., 2004) and may be performed by SO42--reducing bacteria (Inskeep et al., 2002; 
Oremland et al., 2002).  
 
Several studies of Bengal basin groundwater have observed a moderate to strong 
correlation between As and Fe, as expected from reductive dissolution of FeOOH onto which As 
is adsorbed (e.g. Nickson et al., 1998, 2000; McArthur et al., 2001; Dowling et al., 2002 [locally 
up to r2 = 0.8 to 0.9]; Stüben et al., 2003). In the samples of this study, Fe correlates weakly with 
As (r2 = 0.26, p = 0.01, Figure 5.13b), although Fe(II) yields a better correlation with As(III) (r2 
= 0.32, Figure 5.13c). Swartz et al. (2004) showed that As in sediments of the deeper aquifer in 
Munshiganj, Bangladesh (~165 m), does not co-vary well with Fe. Such weak correlations 
suggest that reduction of As and Fe may not be simultaneous. Islam et al. (2004) showed that As 
is released from sediments after Fe(III) reduction. McArthur et al. (2004) suggested that some of 
the As released by reductive dissolution can be re-sorbed to the residual or partially reduced 
FeOOH. Complex cycles of oxidation and reoxidation of Fe and S species can cause preferential 
immobilization of As (Zheng et al., 2004). At a regional scale, the As concentrations in our 
samples do not have significant correlations with Mn (r2 = 0.12), NH4+ (r2 = 0.02), CH4 (r2 = 
0.03), DOC (r2 <0.01), O2 (r2 <0.01), HCO3-(r2 = 0.03), or chalcophile elements (e.g. Zn [r2 
<0.01]), as have been suggested by previous workers (e.g. Mn [Stüben et al., 2003], NH4+ 
[Dowling et al., 2002; Ahmed et al., 2004], CH4 [Ravenscroft et al., 2001; McArthur et al., 2001, 
2004; Dowling et al., 2002], DOC [Ahmed et al., 2004], and Zn [Stüben et al., 2003]). The lack 
of these correlations suggests that As is mobilized by multiple processes, perhaps by reactions 
having occurred in the shallow subsurface, above the sampling depths of this study. Moreover, 
the lack of correlation of As with pH (r2 = 0.12) indicates that pH-dependent sorption reactions 
probably do not play a significant role in regulating As mobility in deeper groundwater of the 
western Bengal Basin.  
         
Although the presence of peat layers in certain areas can act as the redox driver for 
mobilization of As, as argued by McArthur et al. (2004), this explanation does not appear to 
apply to areas such as Murshidabad and northern Nadia, where the existence of peat in the 
aquifer framework up to 300 m depth is highly improbable in light of the Ganges-Brahmaputra 
delta-building history. Harvey et al. (2002, 2005, 2006) proposed that anthropogenic organic 
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 matter (human waste) or natural organic matter (NOM) can infiltrate through the bottoms of 
rivers, lakes and ponds, and thus influence groundwater redox chemistry. Although this 
explanation is plausible in light of the large population of the study area, infiltration of dissolved 
organic matter (DOM) cannot solely explain the existence of the As in deeper groundwater, as 
most of the DOM should be oxidized at shallower depths under normal vertical hydraulic 
gradients.  
 
 The authors envision a scenario whereby As liberated by metal (oxyhydr)oxide reduction 
remains mobile except to the extent that it is sequestered in authigenic sulfides. McArthur et al. 
(2004) commented that As desorbed during reduction of Mn oxides can be re-sorbed onto 
residual FeOOH phases. Results from the present study indicate that Mn is reduced at a 
shallower depth than Fe, so As that is resorbed onto residual FeOOH phases will be remobilized 
by subsequent Fe(III)-reduction. Although McArthur et al. (2004) commented that SO42- 
reduction is improbable at present because of the dominance of Fe(III) reducing bacteria over 
SO42- reducing bacteria (Chapelle and Lovely, 1992), the δ34SSO4 results from this study suggest 
that SO42--reduction is occurring but probably overlapping with other redox zones. This process 
might result in deposition of authigenic Fe sulfides, which could partially scavenge the As, 
depending on the initial SO42- concentrations. The reason that As still exists in solution in 
sulfidic and even methanogenic zones is because of the partial redox equilibrium and the 
possibility of limited SO42- availability in deeper groundwater. Zheng et al. (2004) mentioned 
that the introduction of small amounts of oxygen into a SO42--reducing environment with high 
As/Fe ratios can result in re-oxidation of Fe(II). This process may also contribute to 
remobilization of some previously immobilized As in sulfides. Furthermore, the recirculation of 
water by extensive pumping (Chapter 3) may cause homogenization of the aquifer and 
availability of more aerated water from shallower depths. Although such reoxidation is highly 
unlikely at the regional scale in a large, reduced aquifer like the main aquifer of the study area, it 
could happen at smaller scales, as suggested by the occurrence of lower As(III)% values at depth 
(Figure 5.11f). Moreover, oxidation of As(III) to As(V) can take place even in anoxic 
environments by activity of autotrophic microorganisms (Rhine et al., 2006). 
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 5.6 River water-groundwater interaction 
5.6.1 River water chemistry: The rivers in the study area and their possible interactions with 
the main aquifer can be classified into three groups: the Ganges (G), Jalangi-upper Ichamati (JI), 
and the tidal rivers (T). Group G consists of the three samples from the Bhagirathi-Hoogly (R1, 
R2, and R3). As the main Indian distributary of the Ganges, the Bhagirathi-Hoogly reflects the 
weathering of upstream terrains, including the Himalayas. The JI are relatively smaller rivers and 
probably reflect more local recharge (R4, R5, R6), while T (R7), the sample from the lower 
reach of the Ichamati, represents the chemistry of southern tidal rivers.  
 
 The hydrochemical facies distribution (Figure 5.3) shows that while T is of Na-Cl type, 
consistent with diluted sea water, G and JI are of Ca2+-HCO3- type, and almost indistinguishable 
from the main aquifer samples in this facies. All the river samples were slightly alkaline (pH 7.5 
to 8.3) and had high EH (266 to 408 mV), suggesting oxidizing conditions. Of these, the pH 
ranges of the samples from the Bhagirathi-Hoogly and Jalangi (which discharges to the 
Bhagirathi-Hoogly and has a tributary from the Ganges main channel) are higher than the 
Ichamati samples. G and JI generally have major ion concentrations in the lower range of main 
aquifer groundwater and relatively low Si and HCO3-. The carbonate units in the provenance of 
the Gangetic sediments dominate the ionic distribution of the river water from north to south in 
the basin (Galy and France-Lanord, 1999). The G and JI samples fall on the carbonate 
dissolution trend of the Na-normalized Ca versus HCO3- plot (not shown), in agreement with this 
idea. The JI samples generally are more dominated by carbonate dissolution and more enriched 
with other major ions than the G samples, probably as a result of enhanced evaporation. This 
idea is further reinforced by the higher SO42-/Cl- ratio (G: 3.8 to 2.9; JI: 1.1 to 0.4) and more 
depleted δ18O (-5.6 to -5.7 ‰ versus -2.9 to -3.1 ‰) of G relative to JI (see Chapter 4). Galy and 
France-Lanord (1999) concluded that river water originating in the Himalayas has depleted 
δ34SSO4 values in response to the higher input of SO42- by oxidation of pyrite. G samples have 
higher concentrations of SO42- than JI, but the δ34SSO4 of those samples were not determined.  
 
Based on the similarity in δ18O data (see Chapter 4), there may be some inflow of the G 
water to the thinner portions of the main aquifer in the vicinity of Murshidabad and near 
Calcutta. Conversely, there is probably groundwater discharge to JI. These claims are also 
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 supported by the regional groundwater flow model developed in Chapter 3, showing that during 
present-day summers (the sampling season), there should be natural groundwater inflow from the 
Bhagirathi-Hoogly in northern Murshidabad and outflow to the Jalangi and upper reaches of the 
Ichamati. Irrigational/urban overdraft pumping can cause inflow from the Bhagirathi-Hoogly in 
west-central Murshidabad and near Calcutta. If this is true, then the chemical differences 
between the river water and groundwater in these localities may reflect groundwater evolution by 
reactions within the aquifer sediments and the hyporheic zones. Groundwater discharge along the 
Jalangi and upper Ichamati probably explains the higher concentrations of solutes in those 
streams relative to the Bhagirathi-Hoogly. The interaction of group T with groundwater could 
not be evaluated because of strong seawater influence.  
 
5.6.2 Arsenic in river water: One very interesting observation was the occurrence of elevated 
As concentrations for all three samples of the JI group. The samples were re-analyzed three times 
from splits to validate this observation. Elevated As has not been reported in most studies of 
surface water in the Bengal basin, although Stüben et al. (2003) noted As in water of a small 
stream (River Gobra) in Murshidabad. They suggested that the As in this stream has been 
mobilized by reduction of Mn in the alluvial sediments because of the low oxygen content of the 
stream water relative to the Bhagirathi-Hoogly. However, given the observed EH values of the 
present study, groundwater discharge is a more plausible explanation for occurrence of As in 
stream water. Elevated As was detected in groundwater samples (locations #27, #28, #30, #31, 
#32, #36, #44, and #45) near the JI sample locations. The differences in As concentrations 
between the river water and deeper groundwater could be caused by enrichment by evaporation, 
outflow from shallower, more As-enriched groundwater (not analyzed in this study), and (or) 
oxidation of As-bearing pyrite in river bank and bed sediments. Although the valence state of the 
As was not determined, it was probably As(V) because of the elevated EH values and lack of Fe 
and Mn.          
 
5.7 Geochemical modeling 
5.7.1 Saturation indices: Table 5.5 lists the ranges of SI values for some of the important phases 
that are thought to affect the chemistry of the deeper groundwater and major rivers in the study 
area. SI values for phosphate and sulfide phases were not calculated because those solutes were 
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 below detection level. Previous literature on SI values for Bengal basin groundwater is very 
limited (e.g. Ahmed et al., 2004; Sracek et al., 2004a; Swartz et al., 2004). Groundwater is highly 
undersaturated with respect to oxygen but has higher-than-atmospheric PCO2, consistent with DIC 
inputs from organic matter oxidation and carbonate dissolution. Sracek et al. (2004a) reported 
similar values of PCO2 for Bangladesh. SI for methane for most wells is slightly undersaturated or 
near equilibrium. Groundwater is undersaturated with respect to the major As phases (e.g. 
arsenolite, As2O5, and FeAsO4·2H2O) and Mn oxide phases (e.g. birnessite, bixbyite, manganite, 
nsutite, and pyrolusite), indicating that once As and Mn enter into solution, they do not 
precipitate. Groundwater is highly to moderately supersaturated with respect to Fe(III) 
(oxyhydr)oxide phases like magnetite, hematite, goethite, lepidocrosite, maghemite, Mg-ferrite, 
and ferrihydrite, but near equilibrium or undersaturated with respect to Fe(II) minerals like 
siderite and mixed Fe oxides like Fe3(OH)8. Swartz et al. (2004) commented that the Fe(II) in 
pore water of the Bengal basin may have been derived from Fe(II) minerals like siderite, 
vivianite (Fe3(PO4)2), and mixed Fe (oxyhydr)oxides (e.g. green rust), which form from biogenic 
reduction of FeOOH (Zachara et al., 1998; Nickson et al., 2000). Groundwater is supersaturated 
with respect to carbonate phases except for rhodochrosite. Ahmed et al. (2004) suggested that the 
near-equilibrium SI values for carbonates indicate that the high HCO3- values in Bengal basin 
groundwater cannot be totally attributed to carbonate dissolution and may have a significant 
input from organic carbon oxidation. Sracek et al. (2004a) calculated siderite supersaturation for 
Bangladesh groundwater. Groundwater and river water are supersaturated with respect to quartz 
and undersaturated with respect to amorphous SiO2, in agreement with the stability diagrams 
(Figure 5.6). 
 
5.7.2 Inverse modeling of groundwater evolution along flow paths: Reaction-path models 
have been used in various studies worldwide to elucidate hydrochemical evolution along regional 
(tens to hundreds of kilometers) flow paths, as reviewed by Nordstrom (2004) and Glynn and 
Plummer (2005). However, no reaction-path modeling has been reported for the western Bengal 
basin. The Piper plot (Figure 5.3) indicates some major-ion evolution along groundwater flow 
paths. Intense irrigational pumping beginning around 1970 may have disrupted the regional 
groundwater flow path in the western Bengal basin, resulting in local flow paths towards centers 
of pumping (see Chapter 3). However, the earlier discussion of groundwater quality (Section 5.3) 
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 indicated that some major solute trends along depth and distance can still be discerned, and 
hence chemical evolution of groundwater at the regional scale can still be evaluated.   
 
Sixty reaction-path (inverse) models, converging within the specified maximum 
uncertainty range, were developed for the study area (Table 5.6). Six models developed for 
evolution of Chaighari groundwater (#6) by mixing with Bay of Bengal water failed to converge 
and are not included in Table 5.6. Of the 60 models, 37 models involved flow with both mixing 
and reactions, and 23 involved flow with reactions but not mixing. The models were broadly 
used to investigate:  
i) evolution of isolated aquifer water (locations #6, #14, #18, #20, #34, #52) by mixing with 
connate water (paleo-Bay of Bengal) or modern Bay of Bengal seawater; 
ii) evolution of the main aquifer water with relatively high Cl- concentrations in the northern part 
of the study area (Murshidabad and Nadia, e.g. #38) by mixing with connate water or diffusion 
from isolated aquifers at depth (models 30 and 31) (following Ranganathan and Hanor, 1987); 
iii) evolution of the main aquifer water with relatively high Cl- concentrations in the southern 
part of the study area (North and South 24 Parganas, e.g. #16, #19, #23, #24) by mixing with 
connate water via diffusion from isolated aquifers (models 32 and 38), or by seawater intrusion 
or tidal water infiltration (e.g. #25, #53); 
iv) river water-groundwater interaction: mixing of infiltrating river water (whether through 
natural inflow or induced infiltration by pumping) with up-gradient groundwater to evolve down-
gradient groundwater (e.g. #2, #11, #35, #37); mixing of discharging groundwater with upstream 
river water to evolve downstream river water (R2, R4); and tidal influence on river water 
chemistry (R7).               
  
Because of the similarities of major solute chemistry for most parts of the individual 
aquifers, mass balance models were only developed for pair of wells/river locations that were 
thought to represent two distinct end-member waters or for mixing of two waters followed by 
reactions to produce a third water. For many locations (particularly the isolated wells), present-
day hydraulic connections between the respective wells have not been established by physical 
means; the flow paths are intended to test hypotheses of the possible hydrochemical evolution 
processes from similar up-gradient water in the recent geologic past, during delta progradation. 
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 Similarly, the mixing with Bay of Bengal water for the isolated aquifers and deeper main aquifer 
water (e.g. #16, #23, #24) was meant to be a proxy of the past seawater intrusion from the proto-
Bay of Bengal and interaction with the paleo-groundwater. Mixing with Bay of Bengal water for 
shallower main aquifer wells (e.g. #25, #53) in North and South 24 Parganas was used to 
evaluate present-day seawater intrusion.  
 
The mass balance processes in the models included carbonate weathering (calcite, 
dolomite, and siderite dissolution and precipitation), cation exchange (Ca2+/Mg2+, Ca2+/Na+, 
Ca2+/K+, Na+/Mg2+, Mg2+/K+and Na+/K+), carbon cycling (CO2 and CH4 dissolution and 
exsolution; CH2O [organic carbon] oxidation), and sulfur cycling (pyrite dissolution and 
precipitation). Halite dissolution was used for 23 models as a proxy for mixing with connate 
water from the proto-Bay of Bengal. All but six models (models 51-55) relating to the mixing of 
river water with groundwater were balanced for Cl- (Cl- balance is not shown in Table 5.6). The 
unbalanced, questionable models depict very high (up to 100%) mixing of river water with 
groundwater, which is probably an unrealistic scenario. Si balance was used to evaluate the role 
of silicate weathering processes. While the balance would indicate minimal Si influx from 
weathering within the specified uncertainty, a failure suggests the presence of processes that 
have not been accounted by the mechanisms included in the models. Models for isolated aquifers 
(locations #6 [except model 3], #18, #20, and #52) and the deeper main aquifer (locations #16, 
#19 [except model 38], and #38) indicated some Si cycling. All of these wells are suspected to 
have water with long residence times (as suggested in Chapter 3), which favors silicate 
weathering because of the slow dissolution kinetics (Langmuir, 1997). The reason for the 
imbalance of location #53 (models 47-48) is unclear, but it could have been caused by 
inaccuracy in the choice of the up-gradient water.   
 
In general, the convergence of the reaction-path models (except evolution of location #6 
from Bay of Bengal water and the mixing models of groundwater-river water interaction) 
indicates that various processes could control chemical evolution of groundwater in the western 
Bengal basin. Within the constraints of the present study, no definite reaction pathways can be 
identified. Conservative stable isotopes (δ18O and δ2H), which can indicate distinct sources of 
water, are relatively homogeneous with depth and between different aquifers, and dependent on 
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 distance from the sea (see Chapter 4). In addition, the selection of acceptable mass-balance 
models is difficult in light of the simplifications undertaken for model design, particularly the 
selection of end members, the program’s requirement that mixing precede reactions, and the 
assumption of one-dimensional flow without dispersion. 
 
 All of the models (except models 57 and 58 for evolution of R4, which did not include 
cation exchange) involved a combination of cation exchange and carbonate weathering. Siderite 
dissolution was observed for all flow paths involving groundwater and sea water mixing. Pyrite 
was found to precipitate along all groundwater flow paths (except models 41, 43, 44, 45), 
supporting our previous inference about the redox environment. Models 43 and 44, which 
involve pyrite dissolution as water of location #23 evolves to #24, are suspect because δ34S for 
#23 is much more enriched than for #24. Many of the models also indicate exsolution of CO2 
along flow paths. While this seems to be possible in light of the higher-than-atmospheric PCO2 
values, such CO2 outgassing is not expected to happen within deeper groundwater, which is 
isolated from the atmosphere. However, gas bubbles were observed while collecting many of 
groundwater samples in this study, which may indicate CO2 exsolution as a result of aeration and 
depressurization during pumping. 
 
All of the isolated aquifers except Chaighari (#6) could have evolved as a result of 
mixing of main aquifer water with paleo-seawater. Chaighari may evolved from a groundwater 
similar to any of the selected upgradient wells that underwent cation exchange (+K+, +Na+, -
Ca2+, -Mg2+), carbonate dissolution (mostly dolomite and siderite), consumption of CH4 and 
CH2O, and precipitation of pyrite. The evolution of the brackish main aquifer waters through 
diffusion from more saline isolated aquifers seems to be possible for locations #16 and #38, but 
is improbable for #19, because mixing of >75% of isolated aquifer water (with composition of 
#52) would be required. 
 
River sample R2, representing the Bhagirathi-Hoogly water, though spatially separated 
from R4 (the northernmost River Jalangi location), was assigned as the upstream end-member 
for models 57 and 58 with the rationale that both rivers are distributaries of the Ganges, and R2 
should more closely resemble the Ganges. Those models suggest that R4 and R5 (the two As-
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 contaminated river locations) have significant inflow from groundwater with composition of #28 
and #32 (up to 24% for R4) and #36 (up to 12% for R5). Locations #28, #32, and #36 all have 
elevated As concentrations, thus reinforcing the inference in section 5.6.2 about discharge of As-
contaminated groundwater to smaller rivers in summer. The composition of upstream Ichamati 
water (R6) can evolve to the downstream composition (R7) by mixing with a large amount (up to 
47%) of Bay of Bengal water (model 60).           
 
5.8 Conclusion  
This study has delineated patterns of, and inferred the controls on, deeper groundwater 
and stream-water quality in the western Bengal basin. The importance of the study lies in 
assessing the groundwater quality of the deeper, semiconfined regional aquifer, whose shallower 
parts have been reported to be contaminated by As. Like studies of regional aquifers elsewhere, 
this study entailed sampling from public water-supply wells, which are screened over depths of a 
few meters to tens of meters. While sampling from such wells results in depth-integrated data, it 
can also mask smaller-scale geochemical heterogeneities (Ronen et al., 1987; Parkhurst et al., 
1996; Fryar et al., 2001). However, for most of the wells (except a few in Murshidabad), the 
thickness of the screened intervals is probably small relative to the total depth of the aquifer 
considered at those locations. Notwithstanding this constraint of large screened intervals, 
groundwater analyses show distinct spatial (along depth and distance) and chemical trends 
indicative of various hydrochemical processes. The depths of the sampled wells for the main 
aquifers generally increase towards the south, consistent with the hydrostratigraphy.  
 
In general, the groundwater of the main aquifer is chemically distinctive from that of the 
isolated aquifers, indicating different recharge sources and (or) pathways of evolution. The 
major-ion composition of water in the main aquifer in the northern part of the basin is a Ca2+-
HCO3- type, which evolves to six other facies toward the south in response to mixing with 
intruded seawater from the Bay of Bengal or connate waters as well as reactions. Carbonate 
dissolution and cation exchange may be the dominant processes influencing the major-ion 
composition, but silicate weathering also plays an important role. The predominant anion (HCO3-
) in the main aquifer appears to be introduced as a combination of oxidation of NOM and 
mineral weathering. The Na+-Cl- waters of the isolated aquifers are believed to be connate water 
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  169
from the proto-Bay of Bengal, which has been significantly modified by diagenetic processes 
and recharge from the overlying aquifer.  
 
Multiple mechanisms control the redox chemistry of the aquifers. Average EH of the sub-
oxic water is mostly similar to the values calculated using the Fe(II)/Fe(III) redox couple and 
extends into the As(III)/As(V) range. The redox processes are depth-dependent and 
hydrostratigraphically variable. The water contains little or no NO3-, with no detectable PO43- 
and H2S. A partial redox equilibrium model with overlapping redox zones is proposed. 
Concentrations of SO42- and Mn decrease with increasing depth below the surface and with 
distance from north to south. Highest concentrations of total and reduced species of Fe and As 
generally occur at depths ~100 m bgl, with an increase in the As(III)/Astotal ratio and in CH4 
concentrations with depth.  
 
Arsenic mobilization may be controlled by microbially mediated Fe(III) reduction, but 
such mobilization probably involves multiple processes, as indicated by the weak correlation 
between Fe and As and by the lack of correlation with several other parameters suggested by 
previous workers. Once mobilized from the sediments, As is likely to persist unless sequestered 
by authigenic pyrite. However, δ34S data suggest that such pyrite can be reoxidized, probably in 
micro-environments. 
 
The chemistry of the River Bhagirathi-Hoogly is somewhat different from that of the 
other, smaller streams in the area (e.g. the River Jalangi and upper reaches of the Ichamati). The 
northern parts of the deeper main aquifer may receive some recharge from the Bhagirathi-
Hoogly, but subsequently undergo moderate to extensive chemical evolution. Groundwater 
discharge into the Jalangi and Ichamati in summer (supported by groundwater modeling by 
[Chapter 3] and geochemical modeling) appears to cause elevated concentrations of As in these 
streams.             
170
 Ta
bl
e 
5.
1:
 L
oc
at
io
n 
an
d 
de
ta
ils
 o
f t
he
 g
ro
un
dw
at
er
 a
nd
 ri
ve
r w
at
er
 sa
m
pl
es
 fr
om
 th
e 
w
es
te
rn
 B
en
ga
l b
as
in
. 
 N
o.
 
W
el
l l
oc
at
io
n 
Bl
oc
k/
To
w
n 
D
ist
ri
ct
 a  
L
at
itu
de
 
L
on
gi
tu
de
Sc
re
en
 to
p 
(m
 b
gl
) b
 
Sc
re
en
  
bo
tto
m
  
(m
 b
gl
) b
 
A
qu
ife
r 
Ty
pe
 c 
Sa
m
pl
in
g 
da
te
 
(d
/m
/y
) 
H
C
A
  
 G
ro
up
 d
1 
La
lg
ol
a 
La
lg
ol
a 
M
D
 
24
.4
2 
88
.2
5 
42
 
66
 
M
ai
n 
20
/5
/0
4 
1 
2 
La
lb
ag
 M
or
gu
e 
M
ur
sh
id
ab
ad
 
M
D
 
24
.2
3 
88
.2
7 
20
 
32
 
M
ai
n 
21
/5
/0
4 
1 
3 
K
an
ta
na
ga
r 
B
ha
gw
an
go
la
-I
 
M
D
 
24
.3
4 
88
.3
1 
48
 
66
 
M
ai
n 
21
/5
/0
4 
1 
4 
Ed
ra
kp
ur
 
N
aw
da
 
M
D
 
23
.9
1 
88
.4
6 
52
 
82
 
M
ai
n 
22
/5
/0
4 
1 
5 
Ta
ki
pu
r 
B
el
da
ng
a-
I 
M
D
 
23
.8
7 
88
.2
5 
31
 
55
 
M
ai
n 
22
/5
/0
4 
1 
6 
C
ha
ig
ha
ri 
B
eh
ra
m
pu
r 
M
D
 
24
.1
6 
88
.4
1 
20
9 
22
8 
Is
ol
at
ed
 (<
30
0 
m
)
23
/5
/0
4 
2 
7 
Se
ke
nd
ra
 
R
ag
hu
na
th
ga
nj
-I
 
M
D
 
24
.5
0 
88
.0
8 
21
 
37
 
M
ai
n 
24
/5
/0
4 
1 
8 
B
eh
ra
m
pu
r 
B
eh
ra
m
pu
r t
ow
n 
M
D
 
24
.0
9 
88
.2
6 
47
 
74
 
M
ai
n 
25
/5
/0
4 
1 
9 
D
eb
ag
ra
m
 
K
al
ig
an
j 
N
D
 
23
.6
9 
88
.3
3 
48
 
78
 
M
ai
n 
25
/5
/0
4 
1 
10
 
Ju
ra
np
ur
 
K
al
ig
an
j 
N
D
 
23
.7
2 
88
.2
2 
43
 
64
 
M
ai
n 
26
/5
/0
4 
1 
11
 
B
irp
ur
 
N
ak
as
hi
pa
ra
 
N
D
 
23
.6
3 
88
.4
8 
16
4 
18
5 
M
ai
n 
26
/5
/0
4 
1 
12
 
B
et
hu
ad
ah
ar
i 
N
ak
as
hi
pa
ra
 
N
D
 
23
.6
1 
88
.4
3 
72
 
89
 
M
ai
n 
27
/5
/0
4 
1 
13
 
Ju
m
pu
ku
r 
K
al
ig
an
j 
N
D
 
23
.7
2 
88
.3
8 
24
6 
26
9 
M
ai
n 
27
/5
/0
4 
1 
14
 
H
an
sp
uk
ur
ia
 
Te
ha
tta
-I
I 
N
D
 
23
.7
4 
88
.4
8 
21
5 
23
0 
Is
ol
at
ed
 (<
30
0 
m
)
28
/5
/0
4 
2 
15
 
G
ag
na
pu
r 
R
an
ag
ha
t-I
I 
N
D
 
23
.1
4 
88
.6
4 
14
5 
17
6 
M
ai
n 
29
/5
/0
4 
1 
16
 
B
er
ac
ha
m
pa
 
(A
m
in
pu
r)
 
D
eg
an
ga
 
N
P 
22
.6
9 
88
.6
7 
27
4 
29
3 
M
ai
n 
1/
6/
04
 
1 
17
 
Ja
na
po
ll 
H
ab
ra
-I
 
N
P 
22
.8
7 
88
.6
9 
12
2 
15
1 
M
ai
n 
2/
6/
04
 
1 
18
 
C
hi
ka
np
ar
a 
G
ai
gh
at
a 
N
P 
22
.9
3 
88
.7
7 
40
0 
40
9 
Is
ol
at
ed
 (>
30
0 
m
)
2/
6/
04
 
3 
19
 
D
al
al
pa
ra
 
B
as
hi
rh
at
 to
w
n 
N
P 
22
.6
9 
88
.8
5 
20
6 
23
0 
M
ai
n 
3/
6/
04
 
1 
20
 
B
an
sj
ha
ri 
M
ul
lic
kp
ur
 B
as
hi
rh
at
-I
 
N
P 
22
.5
8 
88
.8
8 
26
2 
27
3 
Is
ol
at
ed
 (<
30
0 
m
)
3/
6/
04
 
2 
21
 
B
er
ac
ha
m
pa
 
D
eg
an
ga
 
N
P 
22
.7
0 
88
.6
8 
14
0 
15
5 
M
ai
n 
4/
6/
04
 
1 
22
 
Eo
jh
na
ga
r 
B
as
hi
rh
at
-I
I 
N
P 
22
.7
1 
88
.7
2 
12
1 
15
1 
M
ai
n 
4/
6/
04
 
1 
23
 
G
ha
si
ar
a 
So
na
rp
ur
 
SP
 
22
.4
4 
88
.4
6 
21
6 
24
0 
M
ai
n 
5/
6/
04
 
1 
   
17
0
  T
ab
le
 5
.1
 (c
on
tin
ue
d)
 
N
o.
 
W
el
l l
oc
at
io
n 
Bl
oc
k/
To
w
n 
D
ist
ri
ct
 a  
L
at
itu
de
 
L
on
gi
tu
de
T
op
 
B
ot
to
m
  
A
qu
ife
r 
da
te
 
H
C
A
  
24
 
K
al
ik
ap
or
e 
So
na
rp
ur
 
SP
 
22
.4
0 
88
.4
8 
22
0 
24
0 
M
ai
n 
5/
6/
04
 
1 
25
 
C
an
ni
ng
 T
ow
n 
C
an
ni
ng
-I
 
SP
 
22
.3
2 
88
.6
5 
17
0 
18
9 
M
ai
n 
7/
6/
04
 
1 
26
 
H
ab
as
pu
r 
B
ha
ga
w
an
go
la
-I
 
M
D
 
24
.3
2 
88
.3
4 
61
 
76
 
M
ai
n 
16
/5
/0
5 
1 
27
 
C
hu
a 
H
ar
ih
ar
pa
ra
 
M
D
 
24
.0
3 
88
.4
5 
70
 
84
 
M
ai
n 
17
/5
/0
5 
1 
28
 
Su
ra
ng
ap
ur
 
N
aw
da
 
M
D
 
23
.9
3 
88
.4
6 
81
 
96
 
M
ai
n 
17
/5
/0
5 
1 
29
 
M
ah
im
ap
ur
 P
al
ac
e 
M
ur
sh
id
ab
ad
 
M
D
 
24
.2
1 
88
.2
6 
20
 
32
 
M
ai
n 
18
/5
/0
5 
1 
30
 
K
is
m
at
-I
m
ad
pu
r 
H
ar
ih
ar
pa
ra
 
M
D
 
24
.0
3 
88
.3
5 
56
 
71
 
M
ai
n 
18
/5
/0
5 
1 
31
 
N
az
irp
ur
 
Te
ha
tta
-1
 
N
D
 
23
.8
6 
88
.5
4 
85
 
11
0 
M
ai
n 
19
/5
/0
5 
1 
32
 
N
ar
ay
an
pu
r 
K
ar
im
pu
r-
II
 
N
D
 
23
.9
2 
88
.5
5 
79
 
10
8 
M
ai
n 
19
/5
/0
5 
1 
33
 
Pa
la
sh
ip
ar
a 
Te
ha
tta
-I
I 
N
D
 
23
.7
9 
88
.4
6 
71
 
95
 
M
ai
n 
20
/5
/0
5 
1 
34
 
Is
w
ar
ch
an
dr
ap
ur
 
Te
ha
tta
-I
 
N
D
 
23
.7
6 
88
.4
6 
21
1 
21
7 
Is
ol
at
ed
 (<
30
0 
m
)
20
/5
/0
5 
2 
35
 
D
hu
bu
lia
 
K
ris
hn
aN
ag
ar
-I
I 
N
D
 
23
.5
0 
88
.4
5 
10
3 
13
2 
M
ai
n 
21
/5
/0
5 
1 
36
 
So
na
ta
la
 
K
ris
hn
aN
ag
ar
-I
I 
N
D
 
23
.5
2 
88
.5
1 
11
0 
14
0 
M
ai
n 
21
/5
/0
5 
1 
37
 
G
ob
ra
po
ta
 
K
ris
hn
aN
ag
ar
-I
 
N
D
 
23
.4
2 
88
.5
5 
10
1 
12
0 
M
ai
n 
22
/5
/0
5 
1 
38
 
B
ha
lu
ka
 
K
ris
hn
aN
ag
ar
-I
 
N
D
 
23
.3
5 
88
.4
1 
26
1 
27
9 
M
ai
n 
22
/5
/0
5 
1 
39
 
B
hi
m
pu
r 
K
ris
hn
an
ag
a-
I 
N
D
 
23
.4
3 
88
.6
2 
18
2 
21
1 
M
ai
n 
23
/5
/0
5 
1 
40
 
N
ew
to
w
n 
R
aj
ar
ha
t 
N
P 
22
.5
8 
88
.4
5 
91
 
12
0 
M
ai
n 
26
/5
/0
5 
1 
41
 
Pa
th
ar
gh
at
a 
R
aj
ar
ha
t 
N
P 
22
.5
8 
88
.5
1 
96
 
12
0 
M
ai
n 
26
/5
/0
5 
1 
42
 
G
he
nt
ug
ac
hi
a 
C
ha
kd
ah
 
N
D
 
23
.0
3 
88
.5
9 
10
0 
12
9 
M
ai
n 
27
/5
/0
5 
1 
43
 
K
am
ag
ac
hi
 
R
an
ag
ha
t-I
 
N
D
 
23
.2
2 
88
.5
6 
12
2 
15
2 
M
ai
n 
27
/5
/0
5 
1 
44
 
Pa
nc
hi
ta
 
B
on
ga
on
 
N
P 
23
.1
1 
88
.8
0 
16
2 
19
3 
M
ai
n 
28
/5
/0
5 
1 
45
 
B
on
ga
on
 H
os
pi
ta
l 
B
on
ga
on
 to
w
n 
N
P 
23
.0
5 
88
.8
2 
17
7 
20
2 
M
ai
n 
28
/5
/0
5 
1 
46
 
R
am
pu
r 
G
ai
gh
at
a 
N
P 
22
.9
5 
88
.7
5 
18
1 
19
9 
M
ai
n 
29
/5
/0
5 
1 
47
 
K
an
kp
hu
l 
H
ab
ra
-I
I 
N
P 
22
.8
6 
88
.6
2 
15
9 
19
0 
M
ai
n 
29
/5
/0
5 
1 
48
 
B
am
an
ga
ch
i 
B
ar
as
at
-I
 
N
P 
22
.7
5 
88
.5
1 
12
7 
15
8 
M
ai
n 
30
/5
/0
5 
1 
49
 
H
um
ai
pu
r 
B
ar
as
at
-I
I 
N
P 
22
.6
8 
88
.4
7 
12
8 
15
9 
M
ai
n 
30
/5
/0
5 
1 
50
 
H
ar
oa
 
H
ar
oa
 
N
P 
22
.6
0 
88
.6
8 
13
7 
16
7 
M
ai
n 
31
/5
/0
5 
1 
51
 
A
rs
ul
a 
B
ad
ur
ia
 
N
P 
22
.7
4 
88
.7
7 
11
7 
14
8 
M
ai
n 
31
/5
/0
5 
1 
 
17
1
171
172
 Ta
bl
e 
5.
1 
(c
on
tin
ue
d)
 
N
o.
 
W
el
l l
oc
at
io
n 
Bl
oc
k/
To
w
n 
D
ist
ri
ct
 a  
L
at
itu
de
 
L
on
gi
tu
de
T
op
 
B
ot
to
m
  
A
qu
ife
r 
da
te
 
H
C
A
  
52
 
M
ur
ar
is
ha
 
H
as
na
ba
d 
N
P 
22
.5
9 
88
.8
4 
33
0 
36
2 
Is
ol
at
ed
 (>
30
0 
m
)
1/
6/
05
 
3 
53
 
K
al
in
ag
ar
 
Sa
nd
es
hk
ha
li-
I 
N
P 
22
.4
5 
88
.8
7 
14
2 
16
5 
M
ai
n 
1/
6/
05
 
1 
 
R
iv
er
 lo
ca
tio
n 
R
iv
er
 n
am
e 
 
 
 
 
 
R
iv
er
 g
ro
up
e 
 
 
R
1 
M
ay
ap
ur
 
B
ha
gi
ra
th
i-H
oo
gl
y 
N
D
 
23
.4
2 
88
.3
9 
 
 
G
 
28
/5
/0
4 
 
R
2 
B
eh
ra
m
pu
r 
B
ha
gi
ra
th
i-H
oo
gl
y 
M
D
 
24
.0
9 
88
.2
6 
 
 
G
 
23
/5
/0
4 
 
R
3 
B
el
ur
 
B
ha
gi
ra
th
i-H
oo
gl
y 
H
W
 
22
.6
3 
88
.3
6 
 
 
G
 
11
/6
/0
4 
 
R
4 
A
m
ta
la
 
Ja
la
ng
i 
M
D
 
23
.9
3 
88
.4
6 
 
 
JI
 
17
/5
/0
5 
 
R
5 
So
na
ta
la
 
Ja
la
ng
i 
N
D
 
23
.5
2 
88
.5
1 
 
 
JI
 
21
/5
/0
5 
 
R
6 
B
on
ga
on
 
Ic
ha
m
at
i 
N
P 
23
.0
5 
88
.8
3 
 
 
JI
 
28
/5
/0
5 
 
R
7 
Ta
ki
 
Ic
ha
m
at
i 
N
P 
22
.5
9 
88
.9
4 
 
 
T 
31
/5
/0
5 
 
 
 
 
 
 
 
 
 
 
 
 
 a M
D
: M
ur
sh
id
ab
ad
, N
D
: N
ad
ia
, N
P:
 N
or
th
 2
4 
Pa
rg
an
as
, S
P:
 S
ou
th
 2
4 
Pa
rg
an
as
, H
W
: H
ow
ra
h 
(o
pp
os
ite
 C
al
cu
tta
) 
b  b
gl
: b
el
ow
 g
ro
un
d 
le
ve
l 
c  S
ee
 S
ec
tio
n 
5.
1.
1 
(H
yd
ro
st
ra
tig
ra
ph
ic
 fr
am
ew
or
k)
 fo
r d
et
ai
ls
 a
bo
ut
 a
qu
ife
r t
yp
es
 
d  S
ee
 S
ec
tio
ns
 5
.2
.3
 a
nd
 5
.3
 fo
r H
C
A
 
e 
G
: R
iv
er
 G
an
ge
s (
R
iv
er
 B
ha
gi
ra
th
i-H
oo
gl
i);
 JI
: R
iv
er
s J
al
an
gi
 a
nd
 Ic
ha
m
at
i; 
T:
 ti
da
l r
iv
er
s (
lo
w
er
 re
ac
h 
of
 R
iv
er
 Ic
ha
m
at
i)
 
17
2
173
 Ta
bl
e 
5.
2a
: F
ie
ld
 m
ea
su
re
m
en
ts
 a
nd
 m
aj
or
 so
lu
te
 c
om
po
si
tio
n 
of
 th
e 
w
at
er
 sa
m
pl
es
. L
oc
. c
or
re
sp
on
ds
 to
 n
o.
 in
 ta
bl
e 
5.
1.
 A
ll 
un
its
 a
re
 
in
 m
g/
L 
ex
ce
pt
 w
he
re
 m
en
tio
ne
d.
 B
la
nk
 fi
el
ds
 in
di
ca
te
 n
o 
m
ea
su
re
m
en
t. 
 L
oc
. 
T 
(o C
) 
pH
 
Eh
 (m
V
) 
SC
 (μ
S)
O
2 
C
aa
 
K
 
M
g 
N
a 
Si
 
C
l 
SO
42
- b
 
H
C
O
3-
 
1 
29
.1
 
7.
10
 
15
.0
8 
89
4 
0.
94
 
13
6.
67
 
4.
08
 
36
.8
5 
38
.1
6 
13
.4
6 
50
.1
0 
13
.4
5 
36
8.
00
 
2 
28
.4
 
6.
92
 
31
1.
42
 
10
61
 
1.
50
 
15
4.
06
 
7.
78
 
44
.8
7 
53
.1
3 
12
.7
3 
56
.7
5 
31
.0
0 
59
0.
70
 
3 
28
.1
 
7.
02
 
79
.8
4 
64
3 
1.
10
 
11
7.
35
 
2.
95
 
26
.1
3 
13
.2
2 
15
.2
4 
3.
07
 
bd
l 
43
6.
00
 
4 
28
.0
 
6.
91
 
12
0.
72
 
73
6 
0.
83
 
13
2.
50
 
2.
59
 
30
.1
9 
18
.7
4 
17
.0
8 
3.
19
 
11
.4
0 
49
0.
00
 
5 
28
.3
 
6.
92
 
83
.7
9 
76
8 
0.
86
 
13
0.
76
 
2.
65
 
34
.2
2 
23
.2
6 
16
.1
8 
10
.3
7 
3.
44
 
48
1.
80
 
6 
32
.8
 
8.
09
 
17
.8
7 
64
90
 
1.
29
 
bd
l 
8.
28
 
1.
23
 
15
57
.5
4 
7.
80
 
16
20
.0
0 
bd
l 
14
74
.2
0 
7 
27
.8
 
6.
94
 
81
.5
7 
87
3 
1.
23
 
15
2.
73
 
3.
17
 
36
.8
0 
20
.4
3 
14
.1
2 
35
.5
0 
21
.4
5 
50
2.
50
 
8 
28
.5
 
6.
91
 
11
8.
34
 
70
5 
0.
49
 
11
0.
21
 
2.
42
 
27
.6
5 
23
.8
3 
16
.4
4 
37
.9
5 
13
.9
5 
39
5.
30
 
9 
28
.2
 
6.
88
 
70
.0
7 
75
1 
1.
08
 
13
2.
22
 
6.
25
 
33
.9
6 
24
.1
0 
14
.0
3 
35
.2
0 
2.
70
 
48
8.
90
 
10
 
28
.5
 
7.
11
 
12
6.
94
 
61
9 
0.
96
 
11
5.
49
 
2.
71
 
29
.4
4 
15
.7
5 
14
.6
9 
23
.0
5 
9.
41
 
41
4.
30
 
11
 
28
.3
 
6.
83
 
10
6.
69
 
76
0 
1.
30
 
13
6.
03
 
3.
43
 
34
.1
3 
16
.1
0 
18
.5
3 
4.
62
 
0.
25
 
52
5.
50
 
12
 
31
.8
 
7.
12
 
16
3.
33
 
94
3 
1.
51
 
15
5.
49
 
3.
64
 
32
.8
2 
35
.7
2 
12
.6
0 
73
.7
0 
36
.2
0 
48
1.
30
 
13
 
31
.4
 
7.
48
 
83
.3
4 
71
4 
1.
25
 
41
.2
0 
2.
83
 
21
.5
8 
97
.3
8 
14
.5
8 
41
.7
0 
1.
17
 
47
2.
40
 
14
 
29
.9
 
7.
44
 
99
.3
8 
52
80
 
0.
75
 
36
.1
6 
6.
73
 
37
.7
1 
10
96
.0
2 
10
.6
6 
16
10
.0
0 
bd
l 
48
2.
40
 
15
 
28
.5
 
7.
00
 
10
0.
64
 
68
9 
1.
40
 
11
3.
55
 
2.
63
 
28
.2
8 
18
.2
3 
16
.4
5 
6.
78
 
bd
l 
45
2.
10
 
16
 
33
.0
 
7.
67
 
30
.1
2 
10
32
 
0.
65
 
16
.7
3 
4.
15
 
26
.9
5 
18
0.
20
 
9.
73
 
13
3.
50
 
bd
l 
44
0.
80
 
17
 
28
.3
 
6.
87
 
87
.6
9 
63
2 
0.
82
 
10
3.
59
 
2.
15
 
27
.3
9 
14
.4
0 
18
.8
8 
3.
55
 
bd
l 
40
9.
20
 
18
 
34
.5
 
7.
73
 
-1
6.
32
 
39
60
 
1.
31
 
16
.1
9 
4.
90
 
21
.6
9 
84
4.
07
 
7.
57
 
10
85
.0
0 
bd
l 
59
7.
60
 
19
 
32
.4
 
7.
91
 
18
.0
8 
18
07
 
0.
79
 
13
.2
0 
2.
99
 
13
.3
4 
37
3.
83
 
7.
02
 
40
1.
00
 
bd
l 
44
6.
70
 
20
 
32
.2
 
7.
69
 
19
.7
3 
61
00
 
1.
44
 
20
.4
0 
11
.1
9 
53
.9
0 
13
47
.8
5 
7.
38
 
18
70
.0
0 
bd
l 
64
3.
80
 
21
 
29
.8
 
7.
14
 
66
.8
5 
80
2 
2.
32
 
10
7.
34
 
3.
22
 
39
.3
7 
44
.1
2 
20
.5
1 
12
.9
5 
bd
l 
54
4.
80
 
22
 
29
.2
 
7.
06
 
10
8.
31
 
77
5 
1.
37
 
11
1.
32
 
3.
09
 
38
.8
1 
33
.7
1 
20
.9
0 
8.
20
 
bd
l 
50
2.
40
 
23
 
32
.5
 
7.
05
 
64
.6
0 
15
10
 
0.
89
 
88
.3
6 
4.
79
 
47
.1
5 
19
0.
78
 
16
.0
3 
28
6.
00
 
24
.3
0 
44
0.
70
 
24
 
32
.7
 
6.
98
 
10
9.
75
 
22
30
 
0.
72
 
20
0.
04
 
6.
99
 
79
.7
5 
20
0.
20
 
17
.7
3 
66
5.
50
 
22
.8
0 
40
0.
90
 
25
 
30
.2
 
7.
45
 
44
.7
5 
11
15
 
0.
92
 
73
.1
1 
4.
15
 
47
.8
3 
10
7.
97
 
12
.7
6 
16
2.
00
 
18
.3
5 
40
6.
00
 
  
17
3
 Ta
bl
e 
5.
2a
 (c
on
tin
ue
d)
 
Lo
c.
 
T 
(o C
) 
pH
 
E
h 
(m
V
) 
SC
 (μ
S)
O
2 
C
aa
 
K
 
M
g 
N
a 
Si
 
C
l 
SO
42
- b
 
H
C
O
3-
 
26
 
29
.1
 
7.
09
 
74
.2
8 
61
8 
1.
30
 
12
1.
99
 
4.
54
 
26
.6
1 
24
.2
0 
12
.9
0 
29
.7
4 
11
.8
4 
33
0.
30
 
27
 
29
.3
 
7.
16
 
44
.4
3 
75
0 
1.
21
 
11
3.
39
 
3.
00
 
26
.2
0 
27
.5
5 
14
.3
4 
27
.8
4 
18
.2
3 
41
0.
10
 
28
 
28
.2
 
6.
78
 
81
.9
7 
85
0 
1.
51
 
14
5.
01
 
3.
09
 
31
.5
5 
25
.6
8 
17
.2
3 
5.
29
 
5.
14
 
54
2.
20
 
29
 
27
.8
 
7.
07
 
14
4.
37
 
10
59
 
2.
50
 
12
9.
41
 
7.
40
 
37
.3
0 
48
.2
0 
11
.1
3 
53
.4
0 
39
.6
4 
52
7.
30
 
30
 
28
.6
 
7.
13
 
11
7.
26
 
78
6 
1.
82
 
10
4.
55
 
2.
81
 
25
.8
5 
23
.8
3 
15
.1
2 
24
.2
3 
15
.7
1 
44
6.
30
 
31
 
30
.8
 
7.
09
 
91
.9
9 
56
6 
0.
63
 
86
.2
6 
2.
42
 
17
.5
5 
12
.2
3 
15
.4
9 
2.
49
 
2.
20
 
35
6.
30
 
32
 
29
.1
 
7.
04
 
75
.1
8 
74
5 
1.
67
 
10
5.
48
 
2.
80
 
24
.4
4 
17
.5
7 
15
.3
6 
7.
26
 
4.
32
 
46
6.
90
 
33
 
29
.1
 
6.
76
 
77
.1
8 
87
6 
1.
62
 
13
3.
10
 
4.
41
 
28
.9
5 
24
.7
8 
15
.4
6 
35
.6
1 
30
.5
7 
45
6.
50
 
34
 
27
.9
 
7.
23
 
47
.9
0 
78
60
 
0.
29
 
12
4.
14
 
12
.1
8 
72
.2
1 
12
98
.2
0 
14
.3
3 
0.
00
 
bd
l 
38
5.
30
 
35
 
28
.1
 
6.
84
 
20
1.
44
 
69
5 
1.
19
 
11
0.
44
 
2.
48
 
23
.3
3 
16
.8
8 
17
.4
7 
2.
32
 
bd
l 
44
7.
40
 
36
 
28
.0
 
7.
01
 
77
.8
2 
78
7 
0.
67
 
13
0.
11
 
3.
27
 
31
.8
0 
31
.9
3 
18
.2
1 
23
.5
5 
17
.9
8 
51
0.
90
 
37
 
29
.4
 
7.
01
 
69
.0
6 
61
2 
0.
89
 
92
.9
0 
2.
52
 
20
.7
8 
12
.3
6 
16
.1
3 
1.
99
 
bd
l 
38
0.
90
 
38
 
30
.5
 
7.
51
 
6.
42
 
89
2 
0.
76
 
19
.8
1 
2.
12
 
12
.7
7 
18
7.
83
 
9.
41
 
11
0.
25
 
bd
l 
41
7.
20
 
39
 
28
.3
 
6.
99
 
96
.8
9 
62
7 
0.
13
 
10
3.
01
 
2.
57
 
23
.3
0 
12
.4
8 
19
.1
1 
0.
82
 
bd
l 
42
1.
00
 
40
 
32
.2
 
7.
06
 
10
3.
73
 
74
7 
1.
36
 
11
7.
92
 
4.
10
 
41
.9
9 
14
9.
16
 
17
.5
8 
26
0.
25
 
12
.9
8 
47
7.
50
 
41
 
28
.4
 
6.
85
 
99
.6
2 
  
0.
71
 
12
0.
37
 
2.
67
 
27
.6
8 
59
.9
6 
18
.4
9 
82
.3
6 
4.
55
 
46
6.
30
 
42
 
31
.4
 
7.
07
 
79
.7
4 
  
0.
90
 
10
0.
99
 
2.
45
 
26
.3
9 
17
.6
0 
19
.0
7 
3.
24
 
bd
l 
44
4.
00
 
43
 
29
.2
 
7.
03
 
71
.4
1 
  
0.
37
 
97
.7
9 
2.
64
 
22
.2
4 
15
.4
4 
18
.9
9 
1.
48
 
bd
l 
40
1.
90
 
44
 
30
.8
 
7.
28
 
51
.2
9 
  
0.
53
 
77
.9
2 
3.
23
 
27
.6
1 
10
4.
39
 
16
.3
7 
48
.6
8 
bd
l2
 
55
3.
30
 
45
 
28
.8
 
6.
92
 
45
.0
1 
  
0.
25
 
11
0.
77
 
1.
96
 
25
.8
1 
24
.9
3 
16
.5
6 
26
.6
0 
3.
41
 
43
7.
60
 
46
 
30
.0
 
7.
04
 
60
.9
0 
  
0.
17
 
10
1.
94
 
2.
97
 
24
.0
4 
17
.8
9 
20
.2
8 
6.
10
 
bd
l 
44
3.
80
 
47
 
30
.4
 
6.
98
 
10
1.
50
 
  
0.
85
 
11
2.
94
 
2.
42
 
31
.6
2 
21
.7
7 
20
.8
3 
3.
77
 
bd
l 
49
3.
80
 
48
 
29
.9
 
7.
08
 
11
9.
08
 
  
0.
49
 
10
8.
47
 
2.
80
 
32
.3
0 
31
.1
6 
20
.4
7 
17
.3
2 
bd
l 
48
0.
50
 
49
 
29
.2
 
6.
73
 
11
0.
51
 
  
0.
48
 
10
7.
69
 
3.
70
 
29
.2
0 
25
.4
1 
26
.3
2 
9.
22
 
bd
l 
47
9.
40
 
50
 
31
.2
 
7.
19
 
11
2.
39
 
  
0.
54
 
83
.9
8 
3.
33
 
32
.0
3 
62
.9
0 
19
.9
3 
32
.9
7 
bd
l 
48
2.
90
 
51
 
29
.4
 
7.
24
 
77
.5
6 
  
3.
50
 
93
.8
5 
3.
04
 
30
.5
5 
52
.5
6 
19
.7
4 
24
.6
4 
bd
l 
49
0.
50
 
52
 
34
.6
 
8.
19
 
-2
9.
70
 
43
70
 
0.
35
 
6.
65
 
3.
50
 
9.
47
 
64
8.
75
 
7.
18
 
67
3.
91
 
bd
l 
75
7.
70
 
53
 
29
.3
 
7.
67
 
-4
0.
17
 
  
0.
55
 
31
.0
0 
4.
42
 
19
.0
5 
16
9.
62
 
10
.1
8 
10
8.
72
 
bd
l 
43
5.
10
 
 
17
4
174
175
 Ta
bl
e 
5.
2a
 (c
on
tin
ue
d)
 
R
iv
er
s 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lo
c.
 
T 
(o C
) 
pH
 
E
h 
(m
V
) 
SC
 (μ
S)
O
2 
C
aa
 
K
 
M
g 
N
a 
Si
 
C
l 
SO
42
- b
 
H
C
O
3-
 
R
1 
38
.1
 
8.
20
 
40
7.
55
 
26
6 
 
26
.4
9 
3.
06
 
10
.9
0 
14
.2
2 
5.
27
 
8.
62
 
13
.0
0 
13
7.
10
 
R
2 
28
.8
 
8.
30
 
26
9.
81
 
32
2 
 
29
.3
7 
3.
14
 
14
.4
2 
17
.4
2 
6.
03
 
11
.4
5 
15
.0
0 
14
5.
20
 
R
3 
29
.5
 
7.
92
 
36
8.
08
 
28
1 
 
27
.5
0 
2.
85
 
9.
42
 
13
.4
5 
4.
49
 
12
.7
0 
14
.5
0 
14
9.
20
 
R
4 
34
.4
 
8.
01
 
29
7.
96
 
56
1 
 
80
.6
6 
3.
10
 
23
.0
6 
18
.3
5 
9.
63
 
15
.6
7 
2.
89
 
34
4.
30
 
R
5 
32
.8
 
8.
30
 
26
6.
37
 
39
2 
 
43
.3
6 
5.
36
 
21
.6
6 
18
.9
5 
12
.5
9 
19
.5
1 
3.
98
 
26
0.
60
 
R
6 
32
.9
 
7.
56
 
30
9.
20
 
  
 
69
.7
7 
1.
93
 
21
.7
5 
23
.6
9 
12
.2
3 
15
.9
4 
6.
85
 
31
3.
30
 
R
7 
31
.5
 
7.
70
 
32
2.
06
 
  
 
23
7.
35
 
29
.4
1 
66
7.
78
 
49
86
.3
6 
1.
99
 
69
69
.7
0 
bd
l 
12
8.
60
 
 bd
l =
 b
el
ow
 d
et
ec
tio
n 
le
ve
l 
a 
D
et
ec
tio
n 
le
ve
l (
D
L)
 =
 1
0 
m
g/
L 
b 
D
L 
= 
0.
12
 m
g/
L 
 
 
17
5
176
 Ta
bl
e 
5.
2b
: M
in
or
 so
lu
te
, d
is
so
lv
ed
 g
as
 a
nd
 st
ab
le
 is
ot
op
ic
 c
om
po
si
tio
ns
 o
f t
he
 w
at
er
 sa
m
pl
es
. L
oc
. c
or
re
sp
on
ds
 to
 n
o.
 in
 ta
bl
e 
5.
1.
 A
ll 
un
its
 a
re
 in
 m
g/
L 
ex
ce
pt
 w
he
re
 m
en
tio
ne
d.
 B
la
nk
 fi
el
ds
 in
di
ca
te
 n
o 
m
ea
su
re
m
en
t. 
D
L:
 d
et
ec
tio
n 
le
ve
l, 
bd
l: 
be
lo
w
 d
et
ec
tio
n 
le
ve
l. 
C
on
ce
nt
ra
tio
ns
 o
f A
l, 
B
e,
 C
o,
 C
r, 
C
u,
 N
i, 
Pb
, S
b,
 S
e,
 T
l, 
U
, N
O
2-
-N
, a
nd
 P
O
43
-  f
or
 a
ll 
sa
m
pl
es
 w
er
e 
be
lo
w
 d
et
ec
tio
n 
le
ve
l. 
 
 L
oc
. 
A
s(
to
t.)
 A
s(
II
I)
 
B
 
B
a 
Fe
(to
t.)
M
n
N
H
4+
Sr
 
V
 
Zn
 
B
r 
F 
N
O
3-N
C
O
32
-
C
H
4 
(μM
) 
D
O
C
 
δ13
C
 
(‰
) 
Fe
(I
I)
δ34
S 
(‰
) 
D
L 
0.
00
5 
0.
00
5 
0.
01
 
0.
10
 
0.
02
 
0.
10
 
0.
01
0.
05
0.
10
0.
01
0.
01
0.
10
 
0.
12
 
0.
12
 
  
  
0.
50
 
  
  
1 
0.
06
0 
0.
04
2 
0.
09
 
0.
21
 
2.
62
 
2.
00
 
0.
48
0.
44
0.
34
0.
13
bd
l 
bd
l 
0.
27
 
bd
l 
0.
80
 
4.
18
7E
+0
0 
1.
30
 
 
 
2 
0.
01
6 
0.
01
3 
0.
06
 
0.
27
 
bd
l 
bd
l 
0.
57
bd
l 
0.
34
0.
17
0.
03
bd
l 
0.
50
 
0.
54
 
0.
80
 
6.
31
6E
+0
0 
1.
20
 
 
12
.1
0
3 
0.
09
2 
0.
06
4 
0.
03
 
0.
13
 
2.
09
 
2.
00
 
0.
41
0.
93
0.
23
0.
09
0.
01
bd
l 
bd
l 
bd
l 
0.
70
 
1.
24
1E
+0
3 
1.
10
 
 
 
4 
0.
02
0 
0.
01
8 
0.
01
 
0.
17
 
3.
24
 
3.
00
 
0.
17
0.
18
0.
20
0.
10
0.
03
bd
l 
0.
13
 
bd
l 
0.
60
 
6.
69
8E
+0
0 
1.
10
 
 
8.
20
 
5 
0.
13
7 
0.
08
2 
0.
01
 
0.
13
 
0.
92
 
0.
90
 
0.
54
0.
73
0.
31
0.
12
0.
10
bd
l 
0.
12
 
bd
l 
0.
40
 
4.
68
9E
+0
0 
1.
20
 
 
 
6 
bd
l 
bd
l 
10
.2
8 
bd
l 
0.
41
 
0.
20
 
bd
l 
bd
l 
0.
61
bd
l 
0.
03
5.
56
 
1.
07
 
bd
l 
20
.5
0
2.
96
0E
+0
0 
1.
90
 
-8
.1
6 
 
7 
0.
07
4 
0.
05
7 
0.
17
 
0.
15
 
3.
79
 
3.
80
 
0.
62
0.
31
0.
31
0.
14
0.
08
bd
l 
0.
17
 
bd
l 
0.
50
 
8.
39
0E
+0
0 
1.
00
 
 
18
.4
0
8 
0.
04
4 
0.
04
0 
0.
18
 
bd
l 
0.
75
 
0.
70
 
0.
06
0.
27
0.
31
0.
10
0.
03
bd
l 
0.
29
 
bd
l 
0.
30
 
6.
40
7E
+0
0 
1.
20
 
 
14
.3
0
9 
0.
12
3 
0.
07
1 
0.
08
 
0.
20
 
5.
23
 
5.
20
 
0.
27
1.
59
0.
25
0.
12
0.
03
bd
l 
0.
36
 
bd
l 
0.
50
 
7.
90
1E
+0
2 
1.
80
 
 
 
10
 
0.
00
8 
0.
00
5 
0.
06
 
0.
36
 
0.
40
 
0.
40
 
0.
47
0.
39
0.
24
0.
10
0.
02
bd
l 
0.
33
 
bd
l 
0.
50
 
6.
42
2E
+0
0 
1.
20
 
 
7.
40
 
11
 
0.
03
9 
0.
01
3 
0.
05
 
0.
21
 
0.
33
 
0.
30
 
0.
06
0.
53
0.
40
0.
12
bd
l 
bd
l 
bd
l 
bd
l 
0.
50
 
5.
22
8E
+0
1 
1.
00
 
 
 
12
 
0.
05
2 
0.
03
5 
0.
05
 
0.
14
 
0.
44
 
0.
40
 
0.
59
bd
l 
0.
19
0.
11
bd
l 
bd
l 
0.
56
 
bd
l 
0.
60
 
7.
99
2E
+0
0 
0.
90
 
 
21
.6
0
13
 
bd
l 
bd
l 
0.
17
 
bd
l 
0.
33
 
0.
30
 
bd
l 
0.
34
0.
28
0.
07
0.
02
bd
l 
0.
43
 
bd
l 
1.
30
 
1.
07
1E
+0
1 
0.
70
 
 
 
14
 
bd
l 
bd
l 
2.
09
 
bd
l 
0.
20
 
0.
20
 
bd
l 
bd
l 
0.
80
0.
10
0.
02
5.
30
 
bd
l 
bd
l 
1.
90
 
3.
22
7E
+0
4 
0.
70
 
-2
.1
7 
 
15
 
0.
08
0 
0.
05
4 
0.
06
 
0.
12
 
1.
26
 
1.
20
 
0.
09
0.
66
0.
23
0.
10
bd
l 
bd
l 
bd
l 
bd
l 
0.
40
 
1.
58
9E
+0
3 
1.
00
 
 
 
16
 
bd
l 
bd
l 
0.
20
 
bd
l 
0.
15
 
0.
10
 
bd
l 
0.
47
0.
22
0.
08
0.
03
bd
l 
0.
77
 
bd
l 
2.
00
 
3.
27
6E
+0
3 
0.
80
 
 
 
17
 
0.
08
8 
0.
05
7 
0.
04
 
0.
16
 
1.
61
 
1.
60
 
0.
07
0.
91
0.
25
0.
09
0.
01
bd
l 
bd
l 
bd
l 
0.
30
 
8.
94
7E
+0
0 
1.
30
 
 
 
18
 
0.
02
8 
0.
02
1 
2.
68
 
bd
l 
0.
11
 
0.
20
 
0.
02
bd
l 
0.
35
0.
06
bd
l 
3.
95
 
bd
l 
bd
l 
4.
60
 
8.
22
9E
+0
0 
2.
60
 
-2
.5
7 
 
19
 
bd
l 
bd
l 
0.
46
 
bd
l 
0.
04
 
bd
l 
0.
01
0.
76
0.
18
0.
04
bd
l 
1.
23
 
bd
l 
bd
l 
2.
70
 
1.
39
7E
+0
4 
3.
70
 
-5
.2
7 
 
20
 
0.
00
8 
0.
00
3 
1.
33
 
bd
l 
0.
14
 
0.
10
 
bd
l 
bd
l 
0.
33
0.
15
0.
03
6.
16
 
bd
l 
bd
l 
7.
60
 
2.
02
6E
+0
1 
4.
70
 
-0
.5
3 
 
21
 
bd
l 
bd
l 
0.
06
 
0.
21
 
0.
66
 
0.
60
 
0.
08
0.
49
0.
39
0.
13
bd
l 
bd
l 
0.
23
 
bd
l 
0.
80
 
5.
20
5E
+0
0 
1.
20
 
 
 
22
 
bd
l 
bd
l 
0.
05
 
0.
22
 
0.
84
 
0.
80
 
0.
11
0.
38
0.
38
0.
14
bd
l 
bd
l 
0.
22
 
bd
l 
0.
90
 
7.
16
6E
+0
0 
0.
90
 
 
 
23
 
bd
l 
bd
l 
0.
14
 
0.
28
 
0.
53
 
0.
50
 
0.
04
bd
l 
0.
44
0.
15
bd
l 
0.
84
 
bd
l 
bd
l 
0.
80
 
1.
38
5E
+0
1 
0.
90
 
 
45
.8
0
  
17
6
177
 Ta
bl
e 
5.
2b
 (c
on
tin
ue
d)
 
L
oc
. 
A
s(
to
t.)
 
A
s(
II
I)
 
B
 
B
a 
Fe
(to
t.)
Fe
(I
I)
M
n
N
H
4+
 
Sr
 
V
 
Zn
 
B
r 
F 
N
O
3-N
C
O
32
-
C
H
4 
(μM
) 
D
O
C
 
δ13
C
 
(‰
) 
δ34
S 
(‰
) 
24
 
bd
l 
bd
l 
0.
08
 
0.
31
 
0.
65
 
0.
60
 
0.
19
bd
l 
0.
86
0.
34
0.
04
1.
94
bd
l 
bd
l 
0.
50
 
2.
60
4E
+0
1 
0.
50
 
 
11
.5
0
25
 
bd
l 
bd
l 
0.
09
 
0.
10
 
0.
24
 
0.
20
 
0.
03
0.
60
 
0.
49
0.
16
0.
02
0.
52
bd
l 
bd
l 
1.
00
 
1.
49
3E
+0
1 
0.
80
 
 
 
26
 
0.
03
2 
0.
02
1 
0.
29
 
0.
22
 
1.
47
 
1.
00
 
0.
29
bd
l 
0.
45
0.
04
0.
02
bd
l 
bd
l 
bd
l 
0.
30
 
8.
17
2E
+0
1 
1.
00
 
-8
.2
9
 
27
 
0.
05
5 
0.
05
4 
0.
18
 
0.
23
 
2.
10
 
2.
10
 
0.
52
bd
l 
0.
34
0.
07
bd
l 
0.
54
bd
l 
bd
l 
0.
40
 
9.
84
0E
+0
1 
1.
00
 
-7
.3
6
16
.4
0
28
 
0.
01
5 
0.
01
3 
0.
13
 
0.
30
 
3.
56
 
3.
56
 
0.
08
bd
l 
0.
30
0.
08
bd
l 
bd
l 
bd
l 
bd
l 
0.
40
 
8.
55
4E
+0
1 
1.
30
 
-2
.0
0
 
29
 
bd
l 
bd
l 
0.
15
 
0.
22
 
0.
40
 
0.
40
 
0.
68
0.
17
 
0.
39
0.
10
0.
03
1.
33
bd
l 
0.
14
 
0.
40
 
1.
07
3E
+0
2 
0.
90
 
-6
.1
0
11
.1
0
30
 
0.
02
4 
0.
02
0 
0.
09
 
0.
14
 
1.
03
 
1.
00
 
0.
31
0.
63
 
0.
27
0.
08
0.
01
0.
58
bd
l 
bd
l 
0.
20
 
2.
01
0E
+0
3 
1.
00
 
-4
.8
2
11
.7
0
31
 
0.
02
7 
0.
02
7 
0.
06
 
0.
12
 
0.
61
 
0.
60
 
0.
11
bd
l 
0.
21
0.
04
0.
05
bd
l 
bd
l 
bd
l 
0.
30
 
2.
71
6E
+0
2 
0.
70
 
-3
.7
3
 
32
 
0.
09
9 
0.
04
9 
0.
06
 
0.
17
 
1.
80
 
1.
80
 
0.
10
bd
l 
0.
25
0.
07
bd
l 
bd
l 
bd
l 
bd
l 
0.
40
 
8.
27
8E
+0
1 
0.
80
 
-4
.7
3
 
33
 
0.
01
1 
0.
01
1 
0.
06
 
0.
31
 
2.
29
 
2.
00
 
0.
22
bd
l 
0.
31
0.
08
0.
01
1.
04
bd
l 
bd
l 
0.
40
 
1.
14
9E
+0
2 
0.
80
 
-3
.5
1
5.
70
 
34
 
bd
l 
bd
l 
4.
05
 
0.
21
 
1.
26
 
1.
20
 
0.
03
3.
29
 
3.
78
0.
18
0.
05
7.
36
bd
l 
bd
l 
0.
80
 
6.
82
2E
+0
4 
0.
70
 
-2
.3
8
 
35
 
bd
l 
bd
l 
0.
11
 
0.
10
 
bd
l 
bd
l 
0.
51
0.
16
 
0.
33
0.
06
bd
l 
0.
69
0.
12
 
bd
l 
0.
60
 
1.
23
6E
+0
2 
0.
70
 
-3
.1
0
15
.8
0
36
 
0.
02
0 
0.
02
0 
0.
11
 
0.
78
 
1.
12
 
1.
00
 
0.
11
0.
12
 
0.
37
0.
09
0.
01
1.
33
0.
13
 
bd
l 
0.
60
 
8.
58
4E
+0
1 
0.
80
 
-2
.1
0
 
37
 
0.
04
9 
0.
04
9 
0.
06
 
0.
21
 
1.
65
 
1.
65
 
0.
16
0.
17
 
0.
23
0.
05
0.
05
bd
l 
bd
l 
bd
l 
0.
30
 
4.
54
9E
+0
2 
0.
80
 
-3
.9
4
 
38
 
bd
l 
bd
l 
0.
39
 
bd
l 
0.
04
 
bd
l 
0.
02
0.
26
 
0.
37
0.
03
0.
03
1.
20
bd
l 
bd
l 
1.
50
 
1.
25
5E
+0
4 
1.
40
 
-5
.0
7
 
39
 
0.
01
8 
0.
01
1 
0.
03
 
0.
12
 
0.
70
 
0.
70
 
0.
03
0.
29
 
0.
31
0.
06
0.
02
bd
l 
bd
l 
bd
l 
0.
30
 
1.
28
2E
+0
2 
0.
70
 
-1
.1
2
 
40
 
bd
l 
bd
l 
0.
09
 
0.
26
 
0.
94
 
0.
90
 
0.
23
bd
l 
0.
75
0.
12
0.
04
1.
90
0.
24
 
bd
l 
0.
30
 
1.
06
9E
+0
2 
0.
50
 
-4
.1
6
 
41
 
0.
02
9 
0.
02
9 
0.
06
 
0.
18
 
1.
38
 
1.
30
 
0.
19
0.
13
 
0.
42
0.
07
0.
01
0.
80
bd
l 
bd
l 
0.
30
 
9.
72
5E
+0
1 
bd
l 
-6
.0
9
 
42
 
0.
05
5 
0.
05
5 
0.
02
 
0.
15
 
1.
31
 
1.
30
 
0.
09
0.
87
 
0.
42
0.
07
0.
01
bd
l 
0.
12
 
bd
l 
0.
50
 
1.
88
0E
+0
4 
bd
l 
-2
.5
5
 
43
 
0.
04
9 
0.
04
8 
0.
01
 
0.
11
 
1.
21
 
1.
20
 
0.
06
0.
21
 
0.
35
0.
05
0.
01
bd
l 
bd
l 
bd
l 
0.
30
 
4.
17
9E
+0
3 
bd
l 
-1
.2
8
 
44
 
0.
01
0 
0.
01
0 
0.
35
 
bd
l 
0.
50
 
0.
50
 
0.
07
1.
12
 
0.
82
0.
06
0.
11
1.
75
bd
l 
bd
l 
0.
60
 
9.
61
1E
+0
1 
1.
3 
 
 
45
 
0.
02
8 
0.
02
7 
0.
01
 
0.
30
 
5.
10
 
5.
00
 
0.
07
0.
94
 
0.
28
0.
06
bd
l 
1.
33
0.
14
 
bd
l 
0.
30
 
7.
85
9E
+0
1 
0.
50
 
-5
.0
9
 
46
 
0.
05
4 
0.
05
3 
0.
01
 
0.
28
 
3.
53
 
3.
50
 
0.
09
bd
l 
0.
30
0.
08
bd
l 
bd
l 
bd
l 
bd
l 
0.
20
 
1.
00
0E
+0
2 
bd
l 
-0
.7
6
 
47
 
bd
l 
bd
l 
0.
01
 
0.
20
 
0.
51
 
0.
50
 
0.
09
0.
17
 
0.
51
0.
09
bd
l 
bd
l 
bd
l 
bd
l 
0.
50
 
1.
44
7E
+0
4 
1.
2 
-5
.1
5
 
48
 
bd
l 
bd
l 
0.
01
 
0.
16
 
1.
02
 
1.
00
 
0.
06
0.
10
 
0.
60
0.
08
0.
12
1.
29
0.
23
 
bd
l 
0.
40
 
1.
63
4E
+0
4 
1.
4 
-2
.0
3
 
49
 
0.
01
9 
0.
01
9 
0.
01
 
0.
22
 
1.
25
 
1.
20
 
0.
26
bd
l 
0.
36
0.
10
0.
04
1.
52
0.
14
 
bd
l 
0.
30
 
8.
22
1E
+0
1 
1.
0 
-2
.4
6
 
50
 
bd
l 
bd
l 
0.
05
 
0.
13
 
0.
43
 
0.
40
 
0.
08
0.
69
 
0.
45
0.
08
bd
l 
0.
98
bd
l 
bd
l 
0.
70
 
4.
81
1E
+0
1 
1.
70
 
-4
.2
0
 
  
17
7
17
8
  Ta
bl
e 
5.
2b
 (c
on
tin
ue
d)
 
L
oc
. 
A
s(
to
t.)
 
A
s(
II
I)
 
B
 
B
a 
Fe
(to
t.)
Fe
(I
I)
M
n
N
H
4+
 
Sr
 
V
 
Zn
 
B
r 
F 
N
O
3-N
C
O
32
-
C
H
4 
(μM
) 
D
O
C
 
δ13
C
 
(‰
) 
δ34
S 
(‰
) 
51
 
bd
l 
bd
l 
0.
04
 0
.1
3 
0.
82
 
0.
80
 
0.
13
0.
19
 
0.
45
0.
07
bd
l
1.
70
 
0.
20
 
bd
l 
1.
40
 
2.
97
5E
+0
3 
0.
50
 
-5
.6
0 
 
52
 
bd
l 
bd
l 
1.
37
 
bd
l 
bd
l 
bd
l 
0.
01
1.
24
 
0.
13
0.
03
0.
07
3.
69
 
0.
49
 
bd
l 
12
.5
0
1.
35
1E
+0
2 
0.
50
 
-2
.0
8 
 
53
 
bd
l 
bd
l 
0.
18
 0
.1
0 
bd
l 
bd
l 
0.
01
0.
53
 
0.
31
0.
03
0.
01
0.
15
 
0.
12
 
bd
l 
1.
80
 
6.
59
8E
+0
1 
0.
50
 
-5
.5
3 
 
R
iv
er
s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
R
1 
bd
l 
  
0.
01
 
bd
l 
bd
l 
  
0.
00
bd
l 
0.
12
0.
05
0.
04
bd
l 
0.
20
 
0.
20
 
0.
70
 
  
  
 
 
R
2 
bd
l 
  
0.
02
 0
.1
0 
0.
23
 
  
0.
00
bd
l 
0.
13
0.
06
0.
04
bd
l 
0.
17
 
bd
l 
0.
65
 
  
  
 
 
R
3 
bd
l 
  
bd
l 
bd
l 
0.
03
 
  
0.
02
bd
l 
0.
10
0.
05
0.
02
bd
l 
0.
20
 
0.
22
 
0.
60
 
  
  
 
 
R
4 
0.
05
5 
  
0.
01
 0
.1
8 
bd
l 
  
0.
03
bd
l 
0.
28
0.
04
0.
00
0.
46
 
bd
l 
bd
l 
2.
40
 
  
  
 
 
R
5 
0.
10
1 
  
0.
00
 
bd
l 
bd
l 
  
0.
01
bd
l 
0.
20
0.
05
0.
01
1.
35
 
0.
16
 
bd
l 
2.
70
 
  
  
 
 
R
6 
0.
03
7 
  
0.
01
 0
.1
5 
bd
l 
  
0.
03
0.
05
 
0.
24
0.
04
0.
00
0.
40
 
bd
l 
bd
l 
1.
40
 
  
  
 
 
R
7 
bd
l 
  
2.
33
 0
.1
8 
bd
l 
  
0.
00
bd
l 
3.
67
1.
86
0.
04
26
.9
7
bd
l 
bd
l 
0.
70
 
  
  
 
 
178
 Table 5.3: Details of the first six components (showing 90% of the variance) obtained from the 
principal component analyses (PCA) for 15 parameters. Rotation method: Varimax with Kaiser 
normalization. Rotation converged in six iterations.   
 
Principal 
Component 1 2 3 4 5 6 
% Variance 36.461 20.405 12.466 10.508 6.291 3.770 
HCO3- 0.951 -0.001 -0.008 -0.055 -0.088 -0.017 
CO32- 0.925 0.067 -0.150 -0.109 -0.069 -0.186 
B 0.894 0.265 -0.107 -0.055 0.176 -0.086 
Na 0.664 0.616 -0.263 -0.135 0.110 -0.214 
K 0.373 0.850 0.132 -0.091 0.136 -0.009 
Mg -0.366 0.783 0.233 -0.046 0.128 0.265 
Cl 0.464 0.767 -0.211 -0.115 0.276 -0.132 
Mn -0.101 -0.085 0.907 0.214 -0.020 -0.017 
SO42- -0.075 0.167 0.804 -0.124 -0.241 0.259 
Ca -0.428 0.066 0.571 0.322 0.085 0.485 
As(tot.) -0.131 -0.142 0.190 0.867 0.048 -0.231 
Fe(tot.) -0.072 -0.079 -0.018 0.815 0.057 0.417 
NH4+ -0.018 0.162 -0.136 0.164 0.910 -0.083 
Sr 0.039 0.603 -0.053 -0.144 0.717 0.120 
Ba -0.165 0.037 0.175 0.019 -0.048 0.899 
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Table 5.4: List of selected minerals (in no definite order) documented in the sediments of the 
Bengal basin by previous workers. Name of the individual member of group minerals is mentioned 
wherever available, otherwise mentioned as group name. 
 
Author Site Mineral phases 
FAO (1971) Across Bangladesh Clays, quartz, calcite, dolomite, mica 
Das et al. 
(1995) 
Maldah, North 24 
Parganas (West Bengal) 
FeSO4, hematite, magnetite, quartz, pyrite 
Datta et al. 
(1997) 
Across Bangladesh Quartz, feldspar, carbonate (unspecified, very 
low), illite, kaolinite, amphibole 
Chowdhury et 
al. (1999) 
Bangladesh and West 
Bengal 
Pyrite, rozenite (FeSO4.H2O), FeOOH, hematite, 
magnetite, quartz, calcite  
Nickson et al. 
(2000) 
Tungipara, Gopalganj 
(Bangladesh) 
Fe-oxyhydroxide, authigenic pyrite 
Breit et al. 
(2001) 
Brahmanberia 
(Bangladesh) 
Biotite, siderite, vivianite  
Chakraborti et 
al. (2001) 
Murshidabad, Nadia, 
North and South 24 
Parganas (West Bengal) 
Pyrite, Fe-oxide, Fe-oxyhydroxide, gypsum, 
calcite, quartz, goethite, mica, feldspar, 
Ca3(PO4)2, rozenite 
BGS/DPHE 
(2001) 
Chapai Nawabganj, 
Laxmipur, Faridpur 
(Bangladesh) 
Quartz, mica (including altered biotite), feldspars, 
pyroxene, Fe2O3, apatite, smectite, illite, 
kaolinite, chlorite, authigenic pyrite, calcite 
Anwar et al. 
(2002) 
Narayanganj 
(Bangladesh) 
Kaolinite, illite, montmorillonite, goethite, 
amorphous Fe-oxide, mica, feldspar, amphibole  
Dowling et al. 
(2002) 
Laxmipur (Bangladesh) Quartz, biotite, altered vermiculite, Fe-
oxyhydroxide 
Pal et al. 
(2002) 
Nadia, South 24 Parganas 
(West Bengal) 
Quartz, feldspar, calcareous concretion, Fe-oxide, 
Fe-oxyhydroxide, siderite, hornblende, 
muscovite, biotite, kaolinite, illite, 
montmorillonite 
Allison et al. 
(2003) 
Gangetic delta front 
(Bangladesh) 
Smectite, kaolinite 
Heroy et al. 
(2003) 
Gangetic flood plain 
(Bangladesh) 
Dolomite, calcareous concretion, smectite, 
kaolinite 
Ahmed et al. 
(2004) 
14 locations across 
Bangladesh 
Quartz, muscovite, biotite, feldspar (fresh and 
altered), chlorite, hornblende 
McArthur et al. 
(2004) 
North 24 Parganas (West 
Bengal) 
Fe-oxyhydroxide, calcite 
Swartz et al. 
(2004) 
Munshiganj (Bangladesh) Quartz, plagioclase, orthoclase, muscovite, 
biotite, magnetite, hornblende, chlorite, apatite, 
pyrite 
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Figure 5.1: Map of the study area showing the 53 groundwater (hydrostratigraphically 
classified) and 7 river water-sampling locations; bmsl: below mean sea level. The thin 
black solid lines within the map (b) indicate the district boundaries. 
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Figure 5.2: (a) Generalized hydrostratigraphic framework along a north-south transect, 
parallel to the River Bhagirathi-Hoogly, redrawn for each district (not to scale). (b) Plot 
of the maximum tapped depth (bgl: below ground level) of the sampled wells.    
 187
  
 
 
Figure 5.3: Piper plot of the hydrochemical facies distribution of groundwater and river 
water samples by aquifer type and district.  
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Figure 5.4: Bivariate plot of the three clusters obtained from hierarchical cluster analyses 
(HCA) with the first and second principal component (PC) axes. The data points are 
further classified according to aquifer type.
 189
  
 
 
Figure 5.5: Molar ratio bivariate plots (plotted after Gaillardet et al. [1999]) of a) Na-
normalized Ca and HCO3-, b) Na-normalized Ca and Mg, c) Ca+Mg versus HCO3-, and 
d) Si and Cl-normalized (Na+K). The dashed boxes in plots (a) and (b) represent the 
ranges of approximate compositions of the three main source end members (evaporites, 
silicates, and carbonates) without any mixing. Only three isolated aquifer samples can be 
seen in (a) and (b), as the other three have very low molar Ca/Na ratios. Bivariate plots 
between.
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Figure 5.6: Stability field of a) Ca-Al silicate phases, b) Na-Al silicate phases, and c) K-
Al silicate phases relative to groundwater and river water samples from the western 
Bengal basin. The phase boundaries are plotted using thermodynamic data of Tardy 
(1971) for (a) and (b), and Drever (1997) for (c).
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Figure 5.7: Depth-profiles of water quality parameters: a) pH, b) Si, c) Ca+Mg, and d) 
Na+K; bgl: below ground level.  
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Figure 5.8: Distance (with latitude) plots of water quality parameters: a) Ca+Mg, b) 
Na+K, c) HCO3-, and d) Si.
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Figure 5.9: Plot of Br-/Cl- mass ratio versus Cl- concentration (following Whittemore 
[2004]) for groundwater, river water, and seawater (from Drever [1997]). Only the main 
aquifer and river water samples with Cl- concentrations > 10 mg/L and detectable Br 
concentrations are shown in the plot. The area between the dashed lines indicates the 
mixing zone of freshwater with seawater composition. The numbers beside the data 
points represent sample locations.  
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Figure 5.10: Comparison of observed EH of the groundwater and river water samples with 
calculated EH (converted from pe) of redox couples present in the waters. The plot has 
been classified into the redox system of oxic and anoxic (postoxic, sulfidic, and 
methanic) after Berner (1981). The sulfidic zone has been marked with (?) because of 
lack of S2- detection. GW: groundwater, R: river.       
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Figure 5.11: Depth-profiles of redox-sensitive parameters: a) EH, b) Fe(total), c) 
Fe(II), d) As(total), e) As(III), f) percentage of As(III) in the main aquifer samples 
with detectable (≥ 0.005 mg/L) As(III), g) Mn, h) SO42-, and i) CH4; bgl: below 
ground level. 
  
 
 
 
Figure 5.12: Distance (with latitude) plots of redox-sensitive parameters: a) Cl--
normalized SO42-, b) Mn, c) Fe (total), d) As (total), e) CH4. The very high CH4 
concentrations are present in southern Nadia and northern North 24 Parganas. (f) shows 
the number of samples with O2 concentrations higher than 50 μmole/L (0.8 mg/L) is 
generally higher in the northern part of the flow path (north of ~23.5oN latitude).
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Figure 5.13: Bivariate plots showing relations between a) Fe(total) and Mn, b) As(total) 
and Fe(total), and c) As(III) and Fe(II). 
 
 
 
 
 
Figure 5.14: Plots of δ34SSO4 versus Cl-normalized SO42- concentrations. Location 4 with 
very high SO42- /Cl- is not shown. The solid lines represent visual trend lines; line (A) has 
a much higher gradient than (B), suggesting (B) possibly has undergone some 
reoxidation.
 198
  
Figure 5.15: Plot of δ13CDIC with depth (bgl: below ground level).        
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 Chapter 6: Suitability of deeper groundwater as an alternate drinking 
water source 
 
6.1 Introduction and findings 
Natural, non-point source, elevated concentrations of arsenic (As) in groundwater of the 
Bengal basin (Bangladesh and West Bengal, India) have put an estimated 50 million people at 
risk. This pollution has been regarded as the greatest mass poisoning in human history (Smith et 
al., 2000). Polluted groundwater is believed to reside mostly at depths <100 m, and the deeper 
groundwater has been considered a safe alternate water source in Bangladesh by various workers 
(BGS/DPHE, 2001; van Geen et al., 2003; Ravenscroft et al., 2005).  
 
In order to provide safer water, the decision-making authorities of West Bengal began 
drilling deep community water-supply wells around the mid-1970s. As of 2004 about 35% of the 
total West Bengal population of 80 million is being supplied water from such wells (Figure 
1.3a). The main objective of the present study has been to evaluate the suitability of the deep 
water-supply wells in the study area with acutely As-contaminated shallow groundwater. In this 
area, an estimated 13.5 million people are at risk (Table 1.1). The number of reported 
malignancies from this area has grown to an estimated 300 at the turn of the century (Figure 
1.2c). This study has shown that deeper groundwater commonly has As concentrations exceeding 
the World Health Organization safe limit of 10 μg/L (WHO, 1993, 2001) and has explored the 
possible causes of such contamination. Figure 6.1 provides a flow chart of such causes 
(described afterward) that could have lead to the deeper water contamination.  
 
Unfiltered arsenic concentration data collected during this study and compiled from 
PHED (as of 2004) (Table 6.1) show that ~60% of the sampled community water-supply wells 
(well depths 31 m to 400 m below ground level [bgl]), supplying water to ~ 5 million people, 
have As concentrations >10 μg/L, while ~20% of sampled wells have As concentrations > 50 
μg/L (Government of West Bengal safety standard) (Figure 6.2). Samples collected during this 
study have a higher percentage of wells having As >50 μg/L than the PHED data (Figure 6.3). 
Some of the reasons for this may include spatial variation between sampling locations and 
analytical protocols. Comparison of results of this study with previously reported As results from 
adjoining, relatively deep (>50 m bgl) Bangladesh groundwater (BGS/DPHE, 2001) suggests 
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 that the study area may have a greater proportion of contaminated deep wells (except areas south 
of ~23.5oN latitude) than in Bangladesh (Figures 6.4 and 6.5).  
 
6.2 Probable causes 
To investigate the finding of elevated As in deeper groundwater in this study, which 
contravenes existing hypotheses (BGS/DPHE, 2001; van Geen et al., 2003; Ravenscroft et al., 
2005), aquifers in the study area were delineated (see Chapter 2), realizing that the presence of 
extensive confining layers (aquitards) between shallower and deeper aquifers would limit 
groundwater mixing. Construction of regional aquifer-aquitard models, based on 143 drillers' 
logs at a 2-m vertical resolution and up to 300 m depth below MSL, indicate the presence of a 
single (main) aquifer devoid of significant confining layers from the north of the study area 
down to ~23.7oN latitude. This absence suggests the possibility of mixing of contaminated and 
uncontaminated waters at various depths along natural groundwater flow paths by advection and 
dispersion, as well as mixing by flow induced by pumping. The aquifer deepens southward 
(toward the Bay of Bengal) and eastward (toward the basin center in Bangladesh) from about 
~50 m depth in northern Murshidabad, in correspondence with the delta-building architecture of 
the River Ganges and its distributaries.  
 
Potable deeper groundwater is available to a maximum depth of ~200 m in most central 
and southern parts of the study area, while such water is available only to ~80 m depth in most 
parts of Murshidabad and northern Nadia because of the existence of thick basal aquitards. 
Isolated aquifers at greater depths have high chloride and boron (a potential contaminant) 
concentrations (Cl- mean: 1619.6 mg/L, B mean: 3.6 mg/L), rendering them undrinkable. The 
presence of intermediate-depth confining layers in the southern portions of the study area and 
locally present elsewhere have not resulted in distinct differences in overlying and underlying 
groundwater chemistry, although these aquitards have limited groundwater mixing via local-
scale (102 to 103 m laterally) cross-formational flow. Lower As concentrations in the southern 
parts of the Bengal basin (Figure 6.4) may be an artifact of the presence of these intermediate-
depth aquitards. Some studies from Bangladesh (Aggarwal et al., 2000; Basu et al., 2001) have 
proposed a distinction between As-contaminated and uncontaminated water by depth, as 
illustrated by 18O composition. However, compositions of major solutes (n = 53, Chapter 5) and 
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 stable isotopes (2H and 18O) (n = 64, δ18O range: -3 to -6 ‰ VSMOW, depending on distance 
from the Bay of Bengal; Chapter 4) in groundwater are similar at various depths in the main 
aquifer (except seawater-intruded southern parts [CGWB, 1994d, e]), suggesting similarity in 
sources of recharge, pathways of geochemical evolution and the presence of interconnected 
aquifers.  
 
To understand groundwater flow patterns in the study area, regional-scale numerical flow 
models were developed for various seasons with and without pumping. The models suggested 
the occurrence of pre-pumping flow cells extending laterally ~2 to 10 km and vertically across 
almost the entire depth of the main aquifer. With the introduction of deep irrigational pumping, 
the models developed widespread, deep centers of depression with radial inflows from shallower 
depths.               
 
Recent studies in Bangladesh (Harvey et al., 2002; Zheng et al., 2005b have suggested 
that land use (e.g. irrigational pumping from deeper water) may have an important control on the 
As distribution with depth. Deeper irrigational pumping (>100 m) is much more common in 
West Bengal (MID, 2001; see Chapter 3) than in Bangladesh (BGS/DPHE, 2001), which could 
explain greater As concentrations in deeper groundwater of the study area.  
 
To investigate this in more detail, groundwater flow was modeled in a 12-km2 area 
around a contaminated well at Kamagachi (23.22oN, 88.56oE, block Ranaghat-I, Nadia, 
maximum tapped depth 150.5, As: 0.049 mg/L, Figure 6.6). Within this area, a <10-m thick layer 
of clayey surficial sediment is underlain by the main aquifer sand (medium to fine), which 
extends continuously to 201 m bgl and is underlain by sandy clay (64 m) and clay to at least 300 
m bgl. Particle-tracking simulations based on flow modeling without (Figure 6.7a) and with 
pumping (Figure 6.7b) showed that dissolved As at shallow depths (50 m bgl) and up to ~75 m 
horizontal distance, as well as As at depths ≥ 60 m and located 100 m away horizontally, could 
have reached the target well (150 m bgl) within 30 years (deep irrigational pumping started in the 
1970s). The results suggest that deeper irrigational and drinking water pumping could have 
caused As movement to deep wells. 
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 Recent studies from the Bengal basin (e.g. Horneman et al., 2004; McArthur et al., 2004; 
Bhattacharya et al., 2005) have suggested that the gray color of aquifer sediments can be an 
indicator of chemically reduced conditions leading to the existence of As in solution, rather 
adsorbed onto orange/yellow (oxidized) iron-rich sediments. Such orange sediments have been 
reported to exist at depths of ~150 m in Bangladesh and have been attributed as one of the major 
causes for As contamination of groundwater there (Zheng et al., 2004). Compilation and manual 
extrapolation of sediment color data (Figure 6.8) from lithologs in the hydrostratigraphic model 
shows that with few exceptions (mostly at shallower depths), the sands are mostly grey up to a 
depth of 300 m, suggesting that reduction is the dominant chemical process with depth. This 
observation was supported by the general decrease of SO42- and Mn and increase of CH4 and 
As(III)% with depth (Chapter 5). δ13CDIC enrichment with depth suggests that some CH4 has 
probably been derived from CO2 reduction than totally originating from peat, a suggested redox 
driver for arsenic mobilization in the Bengal basin (McArthur et al., 2001, 2004; Ravenscroft et 
al., 2001). Peat has been encountered in many places in the paleo-delta front in the southern part 
of the study area, but not in the north.  Although Fe(III) reduction is likely the dominant redox 
process (e.g. Bhattacharya et al., 1997; Harvey et al., 2002; McArthur et al., 2001, 2004; 
Ravenscroft et al., 2001), outliers in SO42- and As(III)% trends with depth and distance suggest 
localized re-oxidation at scales less than the lateral spacing of deep wells (10 to 102 m). δ34SSO4 
results (Zheng et al, 2004; Chapter 5, this study) support this observation, as does the presence of 
yellow/orange sediment lenses in Figure 6.8. These observations lead to the inference infer that 
As fate depends on the interplay among Fe, S, and C cycles: As is mobilized from host sediment 
under reducing conditions, but can also be partially scavenged by precipitation of pyrite (limited 
by the availability of S), which in turn may be locally re-oxidized to re-liberate As. The 
oxidation may be caused by circulation of more oxygenated water from the shallow subsurface 
during intensive deeper groundwater abstraction or by complex interaction among redox-
sensitive solutes.  
 
The occurrence of elevated As concentrations in deeper groundwater of the western 
Bengal basin is not solely dependent on any one of the above-mentioned causes, but is probably 
a cumulative effect of sediment architecture, deep pumping and subsurface redox conditions. 
Arsenic can be liberated from deeper sediments (depending on the original solid-phase 
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concentration) by Fe(III) reduction, and is being retained in solution except as sequestered by 
authigenic pyrite. The contaminated water is then circulated, with acceleration via pumping, to 
previously uncontaminated depths through interconnected sand bodies.  
 
6.3 Implications for future water-resource development and management  
This study concludes that extensive deeper water exploitation may not be a sustainable 
alternative for drinking water supply for most of the study area (at least from Murshidabad to 
central North 24 Parganas). Switching to treated surface water could be an alternative (as has 
been done in parts of Maldah, North and South 24 Parganas, and Calcutta), but the associated 
costs and logistical difficulties of supplying to distant locations have limited its applicability. 
Thus pragmatically, deep drinking water wells would probably have to be installed, but would 
need very careful pre-installation site characterization, including local hydrostratigraphy (~10 
km2). Also, the newly installed wells need to be regularly monitored, realizing that safe wells can 
become contaminated with time. Arsenic treatment technologies are widely available, but when 
such technologies are used (e.g. pump and treat), their performance also needs to be monitored 
regularly.      
 
Deeper irrigational pumping should be strongly discouraged, as it appears to spread As to 
previously uncontaminated zones of the main aquifer. The reason that deeper water of 
Bangladesh is still relatively As-free is probably because of less extensive deep pumping. 
Development of such pumping in future poses a serious threat and should be a focus of future 
studies. It is also important to understand the vertical and lateral extent and rate of contaminant 
transport at the local scale between contaminated and as-yet uncontaminated areas.  
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Figure 6.1: Flow chart showing the probable causal factors and processes that 
could have led to pollution of the deeper groundwater of the western Bengal basin. 
 
 
 
 
 209
  
 
 
As 10 to 49 μg/L (40.6%)
As ≥ 50 μg/L (16.6%)
As < 10 μg/L (42.8%)
PHED database (52)
Our samples (59)
 
 
 
Figure 6.2: Map of unfiltered arsenic concentrations of deeper water within the 
study area. The dashed box indicates the area used for particle tracking 
modeling (Figure 6.7) 
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Figure 6.3: Comparison of percentage of arsenic concentrations between 
unfiltered samples collected during this study and data collected from 
PHED. 
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Figure 6.4: Map showing plot of arsenic concentrations of deeper wells of 
BGS/DPHE (2001) (≥50 m bgl) in Bangladesh and the data collected for the 
wells during this study and from PHED. 
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Figure 6.5: Comparison of arsenic concentrations as a function of depth for 
deeper wells of BGS/DPHE (2001) (≥50 m bgl) in Bangladesh and the data 
collected for the wells during this study and from PHED. 
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 Figure 6.6: Map showing the discretization of the 12-km2 area in and around 
Kamagachi (Ranaghat-I) that was used for particle tracking modeling. Horizontal 
grid spacing: 100 m × 100 m, vertical layers: 10 m (31 layers). The topography 
was defined by the SRTM-90 DEM. The irrigation wells (IW) were placed in 
arbitrary positions. The number of IWs was calculated per unit area from MID 
(2001). They were screened at 120 m bgl. The public supply well at Kamagachi 
(TW) was used as the target well and was placed in according to its global 
coordinates and screened at a depth of 150 m bgl. The rates of pumping are 
tabulated in Table 3.3a. The pumping rate inferred for the public TW was the same 
as those in Calcutta. The thin blue lines on the map indicate the simulated water-
level contours with irrigational and public water-supply pumping (present-day 
conditions).  
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Sand 
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Figure 6.7a: Cross-section showing the results of particle-tracking modeling in 
the absence of pumping at Kamagachi (pre-1970s). The particles were placed 
horizontally at a depth of 50 m bgl. The numbers beside the flow paths indicate 
the numbers of years required to reach specific distances.  
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Figure 6.7b: Cross-section showing the results of particle-tracking modeling in 
presence of irrigation and water-supply pumping at Kamagachi (present day). 
The particles were placed horizontally at a depth of 50 m bgl, and vertically at 
every 10 m from 50 m to 120 m bgl. TW indicates the target well. The numbers 
beside the flow paths indicate the numbers of years required to reach specific 
distances.  
217
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